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Tip-Enhanced Raman Spectroscopy of Strained Semiconductor Nanostructures

Zhongjian Zhang, PhD

The University of Texas at Austin, 2018

Supervisor: Edward Yu

Raman spectroscopy can serve as a powerful tool to probe the vibrational modes of solid
state materials. By taking advantage of the enhanced electric fields caused by the
surface-enhanced plasmon resonance of a noble metal coated atomic force microscopy
tip, tip-enhanced Raman spectroscopy can dramatically increase local signal intensity and
measurement spatial resolution. In this dissertation, work is presented on conventional
and tip-enhanced Raman measurements of various semiconductor nanostructures with a
specific focus on analyzing strain and strain related properties in these material systems.
We use tip-enhanced Raman to study Ge-Sio5Geo s core-shell nanowires where we
observe two distinct Ge-Ge mode Raman peaks that are affected by strain in the core-
shell structure. Tip-enhanced measurements show dramatically increased sensitivity to
the modes at the interface between the core and shell and a shift in position of this mode
due to plasmonic field localization at the tip apex and the resulting change in phonon
self-energy caused by increased coupling between phonons and intervalence-band carrier
transitions. We also use tip-enhanced Raman spectroscopy to characterize unstrained and

strained MoS» and show spatial resolution of approximately 100 nm in the measurements.
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The strain dependence of the second order Raman modes in MoS: reveals changes in the
electronic band structure in strained MoS; that are manifested through changes in the
Raman peak positions and peak area ratios, which are corroborated through density
functional theory calculations. Finally, we use conventional Raman spectroscopy to
probe uniaxially strained monolayer and three-layer WSe;. Using mechanical modeling
of strain in atomically thin WSe: on a stretched elastic substrate, we confirm complete
transfer of strain from the substrate to the WSe, flakes and analyze the evolution of the
Raman spectra with applied uniaxial strain above 1 percent. These studies enable us to
experimentally determine the strain induced Raman shift for various Raman modes and to
calculate the Griineisen parameter and strain deformation potential for the first order in-
plane Raman mode, with experimental values confirmed with theoretical values

calculated using density functional theory.
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Chapter 1: Introduction

RAMAN SPECTROSCOPY AND ATOMIC FORCE MICROSCOPY BACKGROUND

Within solid state materials, phonons, vibrational modes of the atoms in a crystal,
are directly affected by a large set of material characteristics including strain, band
structure, defects and, at the nanoscale, dimensions and volume. Raman spectroscopy
provides a powerful tool to directly detect these and various other material properties
through the interaction of incident light and phonons.> Fundamentally, Raman
spectroscopy and other forms of spectroscopy such as infrared (IR) spectroscopy rely on
the fact that molecules vibrate. The molecular bonds between atoms in a molecule can be
thought of as springs which vibrate at characteristic frequencies when an input excitation
is applied. The vibrational frequency is directly affected by the atoms participating in the
vibrational mode, orientation of the bonds, and environmental factors such as temperature
and strain. These vibrational frequencies are also quantized into discrete atomic energy
levels, with a lowest vibrational energy level for a given molecule and increasing energies

for higher-order vibrational modes.
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Figure 1.1. Schematic diagram illustrating the energy transitions of the vibrational
energy states for Rayleigh scattering, Stokes Raman scattering, and anti-
Stokes Raman scattering.

In Raman spectroscopy, the sample of interest is excited by laser photons of a
known energy. Most of the photons that scatter from the sample and are measured by the
detector are elastically scattered with no change to the kinetic energy of the scattered
photons, also known as Raleigh scattering. A small number of the scattered photons are
inelastically scattered by vibrational modes in a process known as Raman scattering, where
the photons either lose energy (Stokes Raman scattering) or gain energy (anti-Stokes
Raman scattering). A schematic illustration of the changes in energy of the molecule and
scattered photon are shown in Figure 1.1. In Rayleigh scattering, initial and final
vibrational energy states remain the same for a molecule after it absorbs and emits a photon
and therefore the energy of the incident and emitted photon also remains the same. In
Stokes Raman scattering, the energy of the incident photon is absorbed by the molecule
and the molecule is promoted to a higher virtual energy state. The molecule then relaxes

to a higher energy vibrational state than its original state and emits a photon of lower



energy, which is called the Raman photon. The energy of the Raman photon is equal to the
difference between the incident light and the energy absorbed by the molecule. In anti-
Stokes Raman, a molecule in an already excited vibrational energy state absorbs a photon
and is promoted to higher virtual energy state, but when it relaxes, the molecule settles to
a lower energy state compared to its initial vibrational energy state. The molecule then
emits a photon of higher energy than the incident photon. Since very few molecules reside
in initial excited energy states, Stokes Raman scattering predominates over anti-Stokes

Raman scattering.
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Figure 1.2. Examples of (a) Raman-active vibrational modes and (b) IR-active
vibrational modes in carbon disulphide

Only certain vibrational modes are detectable using Raman spectroscopy. Raman-
active vibrational modes cause a change in the polarizability of the electrons in a molecule
with the intensity of the Raman scattering for a given mode being directly proportional to
the change in the polarizability. Another form of spectroscopy used to probe vibrational
modes is infrared (IR) spectroscopy, where vibrational modes are measured through a
sample’s absorbance of infrared light at different wavelengths. In contrast to Raman
spectroscopy, IR-active vibrational modes cause a change in the permanent dipole moment

of the molecule. Figure 1.2 shows examples of Raman-active and IR-active vibrational



modes, where in Figure 1.2a, the symmetric stretching-out and stretching-in of carbon
disulphide shows a change in polarizability and therefore is Raman-active and has no
permanent dipole moment and is therefore IR-inactive. Figure 1.2b shows asymmetric
stretching of the same molecule which changes the dipole moment of the molecule and
results in no change in the polarizability and is therefore IR-active and Raman-inactive. In
general, if a molecule has a center of symmetry, vibrational modes cannot be both Raman-
active and IR-active and Raman and IR spectroscopy function as complementary
measurement techniques.

Raman spectroscopy can be used to measure a variety of material properties, most
commonly, to identify molecules and chemical bonding. Analysis is performed by fitting
the Raman spectrum to Lorentzian peaks, with the peak position, peak area, intensity and
width of the fitted peak providing important information about the vibrational mode. The
spectrum is generally fitted to a Lorentzian because the vibrational modes excited by the
incident light have finite lifetime. Since vibrational frequencies are unique to a molecule’s
bonds, Raman spectroscopy provides a robust and nondestructive fingerprint for
molecules, such as separately identifying SiO, Si»O2, and Si3Os° through analysis of the
position in frequency of the Raman peaks. Because temperature also directly affects
chemical bonding, Raman spectroscopy can also be used to measure changes in
temperature and temperature’s effects on bonding.* Crystal quality in various solid state
materials, such as CuInS>® and SiC thin films,® can also be determined by analyzing the
relative change in peak positions and peak intensities in the Raman spectrum. Raman
spectroscopy can also directly measures the secondary effects that vibrational modes or
phonons have on various other material properties such as carrier densities’” and electronic

band structure® in semiconductor materials.



Raman spectroscopy is particularly useful in studying strain in semiconductor
materials. Strain inherently affects the bonds between atoms in a molecule and therefore
directly affects the vibrational modes that are measured with Raman spectroscopy. Raman
allows direct, non-destructive observation of strain with spatial resolutions of
approximately 1 um for conventional measurements. In many material systems, the shift
in the Raman peak for a given vibrational mode follows a linear trend as strain is applied
and allows determination of various properties of the vibrational modes.”! The spatial
resolution also allows measurement of strain in small structures such as thin Si
nanostructures'' and core-shell nanowires. '?

In addition to the Raman spectra, photoluminescence (PL) spectroscopy can
provide further information about structural features in semiconductor materials, such as

1314 and defects,' and can be performed using the same experimental

grain boundaries
apparatus as Raman spectroscopy. In PL spectroscopy, incident light is absorbed by the
sample and provides additional energy to the material through a process called photo-
excitation. The excess energy can be dissipated through emission of light or luminescence
(PL in the case of photoexcitation). Photo-excitation causes electrons to move into allowed
excited states and then return to their equilibrium ground states. When the electrons return
to the equilibrium ground states, some of the energy is released through PL. The emitted
photons are directly related to the energy difference between the equilibrium and excited
states and therefore can be used to directly detect the energy of these transitions. Like
Raman spectroscopy, PL spectroscopy can be used for direct chemical detection, such as
measuring the concentration of hexaphenylsilole in water.'® Crucially for semiconductor

materials, PL can determine the electronic bandgap energy of material systems such as

SiGe'” and the effects of strain on the bandgap in 2D materials.'8



Photodiode

Feedback
Electronics

Tip and
Cantilever

Sample

Figure 1.3. Schematic of an example atomic force microscopy experiment using the
beam deflection technique.

Scanning probe techniques are broadly used to understand surface topography and
other surface-related properties of materials. In scanning probe microscopy, a physical
probe is used to scan the surface of the sample. The scanning probe technique used most
commonly in our experiments is atomic force microscopy (AFM). AFM allows spatial
resolution as high as a fraction of a nanometer, which is orders of magnitude better than
optical techniques. In AFM, a sharp tip is attached to the free end of a spring-like
cantilever, which is placed in close proximity to the sample surface where forces between
the tip and sample leads to a deflection of the cantilever and behaves similarly to a spring
governed by Hooke’s Law. A detector detects the deflection of the cantilever, a macro-
level phenomenon, as it travels over the sample surface and directly relates to the
interaction between tip and sample, which is an atomic scale level interaction. Figure 1.3

shows a schematic of an example AFM setup using the beam deflection technique, where



an incident laser is aimed at the cantilever and detected by a photodetector and used to
track changes in cantilever deflection, amplitude of the oscillation, and shift in the
resonance frequency. The signal from the photodetector is then processed by feedback
electronics and used to control the movement of the cantilever and tip. The beam deflection
method is widely used in commercial systems because of its high sensitivity and relatively
simple operation. Forces that can be measured in AFM include mechanical contact force,
van der Waals forces, electrostatic forces, etc. In addition to force, the use of specialized
probes can be used to simultaneously measure conductance, temperature, and many other
properties at the surface of a sample.

Many imaging modes are used in AFM to measure surface topography of a sample.
For our work, two imaging modes are used, contact mode and tapping mode. In contact
mode, the tip is dragged along the surface of the sample and the sample surface is measured
directly by the deflection of the cantilever or by using the feedback signal required to more
generally, maintain a constant interaction force. In ambient conditions, the water in the air
causes a liquid meniscus layer to form on the surface of the sample. Due to this liquid
meniscus, it is very difficult to keep the probe tip in close enough proximity to the sample
for short-range forces to become detectable and prevent the tip from adhering to the sample
surface. To overcome this problem, dynamic contact mode or tapping mode was
developed. In tapping mode, the cantilever is driven to oscillate at or near its resonant
frequency, which is realized by placing a small piezoelectric element in the cantilever
holder. The frequency and amplitude of the driving signal are kept constant, which causes
a constant amplitude oscillation when the tip is not influenced by external forces such as
interaction with the tip. The amplitude of this oscillation ranges from a few to hundreds of
nm. When the tip comes close to the surface, surface interactions cause the amplitude of

the tip oscillation to change, which is then adjusted by feedback electronics to maintain the
7



constant tip oscillation. The image is produced through the force of the intermittent
contacts of the tip and the sample. Because of the intermittent contact, tapping mode
generally causes less damage to both the sample surface and the tip compared to contact

mode operation.
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Figure 1.4. Schematic diagrams of (a) conventional Raman spectroscopy, (b) surface-
enhanced Raman spectroscopy, and (¢) tip-enhanced Raman spectroscopy.
The bold red lines represent incident light and the thinner red lines represent
scattered light. The purple ovals represent the molecule or sample of
interest.



AFM can be combined with specific tip types and experimental configurations to
both measure topography as well as other material properties with high spatial resolutions.
Examples include magnetic force microscopy (MFM), where a magnetized tip can measure
the magnetic structure of the sample surface, and conductive atomic force microscopy (C-
AFM), where a conductive AFM probe directly measures current flow. The proximal
probe positioning capability, upon which AFM is based, also enables highly localized
measurements of optical spectroscopy using the probe tip to concentrate incident
electromagnetic (EM) field energy. The extreme localization that can be achieved enables
even extremely weak processes, such as Raman scattering, to be detected in nanoscale
sample volumes.

In conventional Raman spectroscopy measurements, the spatial resolution that can
be achieved is limited by diffraction and by the weakness of Raman scattering processes,
which limits signal intensity for small excitation volumes.'* To increase the intensity of
the Raman signal, surface-enhanced Raman spectroscopy (SERS) was developed where
molecules attached to surface of a roughened metal or metallic nanostructure show
dramatically increased Raman intensities, first observed with pyridine on a silver
electrode!® and with enhancement factors of up 10'° in single molecule measurements.?’
In SERS, incident photons generate oscillations of surface electron charge density (surface
plasmons) on the surface of the metal. These surface plasmons can couple with molecules
very close to the surface of the metal and create an efficient pathway to transfer energy to
the molecule’s vibrational modes and increase the generation of Raman photons. To take
advantage of the SERS effect, the laser wavelength chosen must match the localized
surface plasmon resonance (LSPR) of the metal surface in order to generate surface
plasmons and be much greater in size than the metallic features that molecules lie in close

proximity to. Common metals used as substrates for SERS are gold (Au) and silver (Ag)
9



because they have LSPRs in the visible and near infrared wavelength range and are
relatively stable in air. In addition to any EM enhancement, chemical enhancement can
occur when a molecule coordinates with the surface of the metallic particle and forms
charge transfer states with the energy levels of the metal.>! The total SERS enhancement
combines both the EM enhancement and chemical enhancement. SERS has been
demonstrated to be effective in wide range of applications such as biosensing?? and
detecting trace chemicals for the purposes of art preservation.??

Taking advantage of the basic concepts learned from SERS, tip-enhanced Raman
spectroscopy (TERS) allows dramatic improvement in spatial resolution when compared
to conventional Raman spectroscopy by employing a metallic nanostructure at the apex of
an atomic force microscope probe tip to induce plasmonic localization and amplification

24-26

of incident light in the immediate vicinity of the probe tip. The plasmonic

enhancement induced by the metallic probe also allows near-field PL measurements to be

performed with significantly enhanced spatial resolution.?’

The use of a precisely
controlled probe tip instead of randomly dispersed metallic structures allows precise
positioning of the tip on specific features of interest. In addition, the combination of atomic
force microscopy (AFM) and light scattering spectroscopy techniques in a single
measurement apparatus allows information concerning structural, electrical, or other
properties that can be probed at the nanoscale using AFM and related techniques to be
correlated with that gleaned from TERS and nano-PL measurements that can be performed
with similar spatial resolution. Also, by placing samples on metal substrates of the same
material as the plasmonically enhanced tip, a plasmonic gap mode enhancement can occur

that can further increase signal enhancement.?®
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Figure 1.5. TERS experimental geometries: (a) Bottom illumination geometry which
requires a transparent substrate. (b) Side illumination geometry with fewer
substrate constraints.

There are multiple possible experimental geometries for TERS, with the two most
commonly used being the bottom illumination and side illumination geometries. Bottom
illumination is the easiest setup to build and was the first experimental geometry realized
for TERS.?> However, because of the illumination direction, the substrate that the sample
is lying on must be transparent, as shown in Figure 1.5a. To overcome the substrate
transparency constraint, a side-illumination setup was developed which allows a much
wider variety of substrates, as shown in Figure 1.4b. The use of non-transparent substrates
allows metal substrates that match the plasmonic properties of the tip to be used which can
generate significantly greater enhancement.

Resonance Raman (RR) scattering, in which the excitation wavelength is tuned near
the energy of electronic transitions, probes additional changes in the electronic and physical

structure not normally detected in conventional Raman scattering.! The intensity of certain
11



vibrational modes become significantly greater and allow access to additional information
about the sample of interest. RR is particularly useful for 2D materials since many of the
excitonic transitions for these materials occur near the energy of the excitation laser.
When the laser excitation wavelength used in TERS also matches the excitation
wavelength of electronic transitions, an experiment can take advantage of both the

enhancement from TERS as well as RR.%

DENSITY FUNCTIONAL THEORY BACKGROUND

To better understand our experimental results, we have used density functional
theory (DFT) to calculate the bandstructure and phonon behavior for multiple material
systems. DFT simplifies a many-electron system so that it becomes computationally
tractable by using functionals, which are functions of the spatially dependent electron
density. When using this approach to treat many-body electronic structure problems, the
nuclei of the molecules are treated as fixed in position, resulting in a static external potential
V' in which the electrons move. An electronic state is describe by a wavefunction

Y (ry, -+, 7y) that satisfies the many-electron time-independent Schrodinger equation:

= ES P = hz — — —
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where for an N-electron system, H is the Hamiltonian, T is the kinetic energy, V is the
potential energy from the external field due to the positively charged nuclei, U is the
electron-electron interaction energy. Solving for the Schrodinger equation does not scale
well with increasing electrons, with 3N variables for N electrons. To simplify this

problem, DFT instead solves for an approximately equivalent system of single electron
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states. The Schrodinger equation is approximated using the Kohn-Sham equations for an

auxiliary non-interacting system:
hz 2 = 4 =
|- - V2 + V@) | 0:() = £10:(®), (12)

where I is the effective potential and the orbitals ¢; are used to produce the electron
density, which is the key variable to be solved in DFT. First, the lattice structure is
optimized by adjusting the atomic positions and lattice parameters to minimize the forces
and stresses. After a relaxed lattice structure is obtained, the electron density is
calculated using a self-consistent solution, where ¢; is dependent on the electron density
and the electron density is dependent on ¢;.

To solve for the phonon dispersion, we use density functional perturbation theory
(DFPT), where we can calculate the frequencies for the phonon modes by solving for the
first derivative of the electron density which is equivalent to solving for the second
derivative of energy. In our DFPT calculations, we add an additional small perturbation
to the lattice structure by altering the atomic positions of the atoms to simulate the effect

of strain on the phonons.

SEMICONDUCTOR NANOSTRUCTURE BACKGROUND

TERS can be particularly useful for low dimensional semiconductor materials such
as nanowires and nanowire heterostructures due to the variations in composition, bonding,
strain, and carrier density that are present at the nanoscale. Among these, group IV

nanowires and nanowire heterostructures are of current interest for a broad range of

applications including field-effect transistors with enhanced carrier mobility*>*°,

31,32 33,34.

superconducting devices®'*?, quantum computing®*3*; engineered thermal transport®>3,
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and thermoelectrics’”*%. In Ge-Si.Ge\.. core-shell nanowires, the lattice mismatch between
the Ge core and Si.Gei.x shell provides an opportunity to characterize the correlation
between strain and nanowire dimensions at the nanoscale.>**! In addition, the valence-
band offset at the Ge-SicGe., interface leads to formation of a quantum-confined hole gas
at that interface, and consequently an opportunity to characterize the interactions between
optical phonons and intra and inter-valence band transitions enabled by the high hole
densities present at the Ge-SixGe).. interface, similar to those that have been observed to
occur in heavily doped bulk p-type Ge.”*

In addition to one dimensional materials such as nanowires, the high spatial
resolution and precise positional control attained in TERS is especially useful to
characterize materials such as atomically thin two-dimensional transition metal
dichalcogenides (2D TMDs), because of the nanoscale variations in strain, layer thickness,
and electronic band structure that can be present. 2D TMDs can also sustain large elastic
deformations before rupture of the material*>**, which allows realization of localized
regions of high strain. Among 2D TMDs, molybdenum disulfide (MoS;) shows a large
intrinsic bandgap that makes it suitable for various electronic and optoelectronic devices.*>~
47 The electronic band structure of MoS; is also highly sensitive to strain,'® which
highlights the importance of localized detection of strain when designing devices. Strain
engineering has been employed, for example, to demonstrate efficient quantum emitters in
other TMDs, such WSe, and WS>, with enhanced PL intensity.*®* Characterization of
nanoscale strain distribution is also relevant to investigation of electromechanical effects
in atomically thin TMDs.’*>? Conventional Raman measurements on MoS, have

previously been used to measure changes in strain and band structure through Raman and

PL measurements but often with low spatial or spectral precision.'®!® Specifically in MoS.,
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RR scattering reveals a complex variety of second-order Raman features that can yield
additional information about the physical properties and band structure.>-4

In addition to MoS», we have also used Raman spectroscopy to study in detail the
effects of strain on the vibrational modes of tungsten diselenide (WSe:) for which little
information on the strain dependence of phonon modes is currently available. WSe; has
been used as the channel material in high mobility transistors.>>*® Theoretical work has
shown that mechanically straining WSe; directly affects properties such as the electronic
band structures.”’*® Monolayer WSe is a direct band gap semiconductor’®, and combined
with locally induced strain, has demonstrated quantum emission at low temperatures. 3%
Because of the direct influence of changes in the lattice structure on electronic and optical

properties in WSe> and other TMDs, device engineering in these materials will require

precise measurements of mechanical strain.

TiP-ENHANCED RAMAN EXPERIMENTAL SETUP

Mirror
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4

Figure 1.6 Image of the Raman spectrometer, microscope stage, and AFM housing
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TERS measurements were obtained using a Horiba Jobin Yvon LabRAM confocal
Raman system with a backscattering geometry in conjunction with an AIST-NT
Omegascope atomic force microscope that couples with the Horiba setup using a system
of external mirrors and lenses to align the laser with the probe tip. The experimental setup
is shown in Figure 1.6. In the Raman system, there is a notch filter along the backscattered
beam path to the detector to filter out the elastically scattered light at the excitation
wavelength. Before reaching the detector, the backscattered beam hits a diffraction grating.
A diffraction grating is composed of evenly spaced, narrow grooves which reflect light at
different angles based on the energy or wavelength of the incident photon. The angle of

the diffracted light is governed by the following equation:

0,, = arcsin(sin 6; — m?/l), (1.3)

where 6,, is the angle between the diffracted ray and the grating's normal vector, 8; is the
angle of the incident photon, m is and integer representing the propagation mode of interest,
A 1s the wavelength of the incident photon, and d is the spacing between grooves. By
separating the light predictably based on energy, the detector can accurately determine the
energy spectrum of the incident light. We use both 300 and 1800 grooves per mm density
gratings where the former allows high signal throughput, which is especially useful during
alignment, while the latter gives superior spectral resolution. The detector used in the
Horiba system was an Andor charge coupled device (CCD), where the detection area on
the CCD was limited to a smaller area to further improve spatial resolution.

AFM measurements were performed using an AIST-NT Omegascope. When
scanning the topography of the sample, tapping mode operation was used with a tapping

amplitude of 15 to 20 nm. The unique feature of the AIST-NT Omegascope is that during
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scanning, instead of the tip moving which is common to most other AFM systems, the
sample moves instead. Samples are mounted onto metal SEM disks, which are then held
in place on the sample stage using a magnet. This allows the system to maintain laser to
tap alignment throughout the entire measurement process. Additionally, tracking of the
probe tip is performed with infrared lasers so that the tracking lasers are significantly
separated in frequency from the excitation lasers used in Raman experiments.

All TERS measurements were performed using laser excitation at a wavelength of
633nm, which takes advantage of the surface enhanced plasmon resonance of Au. For
conventional Raman measurements performed using the standard microscope, the laser
was focused using either a 20 X, 50 X, or 100 X objective yielding a spot size of ~1 pm
for measurements performed with the 100 X objective. Both the conventional Raman and
TERS measurement signals follow the same optical path back to the detector. For TERS
measurements, a mirror switch was used to send the same excitation laser to a set of
external mirrors that illuminate the AFM tip in the AIST-NT Omegascope. A 20 X or 100
X long working distance side objective side illuminates our AFM tip at an angle of 30
degrees relative to the surface of the sample with a spot size of ~5 um for the 20 X objective
and ~1 pm for the 100 X objective. We have chosen a side illumination setup for our
experiments so we can take advantage of the significantly greater number of allowed
substrates when compared to a bottom illumination system. Side illumination specifically
allows placement of samples on Au substrates, which are non-transparent and therefore
cannot be used in a bottom illumination geometry, and create significantly greater
enhancement due to the creation of a plasmonic gap mode between the substrate and the
tip. Because the sample stage moves instead of the tip, optical alignment is maintained
throughout. Even though long working distance objectives are used, the working distance

of the 100 X objective is still only 13 mm which limits sample size. TERS Raman spectra
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were collected using both tapping mode and contact mode configurations of the AFM with
various oscillation amplitudes for tapping mode measurements. Contact mode allows the
tip to be placed in closest proximity to the sample and achieve the highest level of signal
enhancement.

Various AFM tips were used for the TERS experiments including tips that were
coated with metals by our lab and those that have been commercially purchased. The tips
produced by our lab start by coating Bruker OTESPA tips with a chromium (Cr) and Au
metal bilayer using electron beam metal deposition. These tips show decent enhancement
but had low AFM scanning endurance due to poor adhesion of the metal layer on the tip.
Commercially purchased tips included Au Opus tips from Micromasch and Au tips
purchased from Horiba. Micromasch tips had similar geometry to the OTESPA tips and
showed similar enhancement performance but superior scanning stability due the stability
of the metal adhesion. The Horiba tips had the best Raman enhancement and high scanning
stability. The issue with all the tips is that the Raman enhancement was not very stable
beyond one to two weeks of use.

In addition to the Horiba Raman system, we also performed conventional Raman
and photoluminescence experiments with a Renishaw inVia Raman system with an
excitation wavelength of 532 nm. This Raman system has a precision stage that made

performing certain conventional Raman measurements more straightforward.
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Chapter 2: Strain and Hole Gas Induced Raman Shifts in Ge-SixGeix
Core-Shell Nanowires#

INTRODUCTION

TERS offers unique capabilities to characterize mechanical and electronic
characteristics of nanowires at the nanoscale. As discussed in Chapter 1, Group IV

nanowires and nanowire heterostructures are being studied for applications such as field-

29,30 31,32 33,34,

effect transistors™>", superconducting devices’”*, quantum computing’”>*; engineered

rt*>3 and thermoelectrics®’*8. Ge-Si.Ge;., core-shell nanowires provide a

thermal transpo
platform to correlate strain and nanowire dimensions, due to the lattice mismatch between
the Ge core and SiyGei.r shell .***#*! The valence-band offset at the Ge-Si Ge., interface
creates a quantum-confined hole gas at that interface, which allows probing of interactions
between optical phonons and intra and inter-valence band transitions.

In TERS studies of Ge-SixGei.x core-shell nanowires, we have locally observed
changes in strain, interactions between phonons and mobile carriers, and the influence of
tip-induced field localization on Raman spectra. Our results demonstrate that Raman
spectra obtained using TERS combined with structural information provided by AFM
topographic imaging can be used to characterize strain distributions at the nanoscale in Ge-
SixGe1.x nanowire core-shell heterostructures as functions of core and shell dimensions.
We also observe clear evidence in Raman spectra obtained by TERS of Raman peak shifts
associated with interactions between Ge-Ge vibrational modes and intra and inter-valence-
band transitions within the quantum-confined hole gas at the Ge-SixGe1.. interface, with

the improved spatial resolution in the radial direction afforded by TERS enabling more

detailed characterization and analysis compared to prior observations of asymmetrical

A17. Zhang, D.C. Dillen, E. Tutuc, and E.T. Yu, Nano Lett. 15, 4303 (2015). Zhongjian Zhang designed
the experiment, performed Raman spectroscopy and atomic force microscopy measurements, analyzed the
collected data, and wrote the manuscript.
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broadening of Raman spectra in Ge-Si,Ge|., core-shell nanowires.®® Finally, we combine
computational modeling with TERS measurements to demonstrate that proximity of a
metallized probe tip during the TERS measurements leads to alterations in the spatial
distribution of the excitation field that enhance phonon-carrier interactions and increase the
Raman peak shift associated with these interactions as the probe tip is brought into close

proximity to the nanowire surface.

NANOWIRE GROWTH AND EXPERIMENTAL DETAILS
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Figure 2.1. (a) TEM image of Ge-SiGe;.x core-shell nanowire. (b) Schematic diagram of
TERS and conventional Raman measurement schemes. (¢) Schematic
diagram of our TERS experimental geometry for TERS measurements of
Ge-Sio.5Geo s core-shell nanowires. (d) SEM image of Cr/Au coated AFM
tip used for TERS measurement.

Nanowire samples were grown on Si (111) wafers using Au nanoparticles as

catalysts for Vapor Liquid Solid (VLS) growth of the Ge nanowire cores.®! During VLS
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growth, the nanowires taper from base to tip due to a small amount of conformal chemical
vapor deposition of Ge on the existing nanowire which results in a core thickness that
ranges from 25-55nm. After growth of the Ge core, epitaxial shell growth was done using
an ultra-high-vacuum chemical vapor deposition (UHVCVD) process. Typical nanowires
were ~6um long with the nanowire core axis along the [111] direction. Nanowire
dimensions and compositions were verified using transmission electron microscopy (TEM)
and energy dispersive x-ray (EDX) spectroscopy.'? Figure 2.1a shows a TEM image of a

core-shell nanowire that confirms constant shell thickness and high overall growth quality.

(b)

Figure 2.2. (a) A 90 degrees SEM cross sectional image of Ge-Sio.sGeo.s core-shell
nanowire growth on Si(111) substrate. (b) TEM image showing lattice
fringes of the core-shell nanowire

A SEM cross sectional image of the as-grown nanowire and an additional TEM
image of nanowire lattice fringes are shown in Figure 2.2a and 2.2b, respectively. The
orientation of the substrate has a minimal effect on the axial direction of the nanowires.
The axial direction is primarily controlled by surface energetics and is consistently [111]

for the diameter range under investigation. The nanowires do grow epitaxial to the substrate

and have a predominately vertical orientation.
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The SixGe/.. shell has a smaller lattice constant than the Ge core; therefore the core
region is compressively strained. For the core and shell dimensions and compositions
employed here, all the nanowire heterostructures are expected to be coherently strained,
based on a prior analysis of strain energetics,®?> with the Ge core region being under
compressive strain in both the axial and radial directions.

Figures 2.1b and 2.1c show schematic diagrams of the conventional Raman and
TERS experimental setups and the tip and sample geometry for the TERS measurements.
In preparation for TERS measurements, the Ge-SiosGeos core-shell nanowires were
released from the Si (111) growth substrate by sonicating in ethanol, and dispersed on an
Au-coated SiO2/Si (001) substrate by drop casting. The 100nm thick Au layer blocks any
signal from the underlying SiO, and Si layers.
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Figure 2.3. (a) Topographic AFM image of a typical Ge-Sip.5Geo.s core-shell nanowire
dispersed on Au substrate. (b) Height profile of the nanowire along the line
indicated by the arrowed white line in (a).

Nanowires characterized by TERS are first located by AFM topographic scanning,

with the measured nanowire height being used to determine their diameter, as shown in

22



Figure 2.3. A typical measured nanowire is separated from other nanowires by at least a
few microns. Diameter measurements were also confirmed using scanning electron
microscopy (SEM).

The AFM probe tips used for TERS were Si tips with the visible apex of the
tetrahedral tip located at the end of the cantilever, and were coated with a metal bilayer
consisting of 35nm Cr/140nm Au using electron beam deposition. Figure 2d shows a SEM
image of a Cr/Au-coated probe tip, from which we deduce that the radius of curvature of
metallized probe tips used in the TERS measurements is approximately SOnm. TERS
measurements were performed with the AFM operating in intermittent contact mode with

an oscillation amplitude ranging from 3nm to 20nm.

NANOWIRE ELECTRICAL CHARACTERIZATION
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Figure 2.4. Four point electrical measurements used to determine nanowire carrier
density.
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Nanowire Hole Density

SiGe Shell

Hole Density (1018 cm'a)

50 60 70 80 90 100 110
Position (nm)

Figure 2.5. Simulated hole density at zero back gate voltage with full quantum solution
in a Ge-Sio.5Geo.s core-shell nanowire. The following parameters were used:
core thickness, d = 42 nm, a shell thickness, Tsh = 5 nm, a core/shell valence
band offset = 130 meV, and a back-gate SiO, thickness = 54 nm. The blue
and green dashed lines indicate the border of the nanowire and the core-shell
interface, respectively. The dashed black line in the inset shows the plane
from which the hole density and valence band edge energy correspond with.
Peak hole density in core is 2.5x10'® and 1.9x10'® cm™ at the bottom and
top of the NW, respectively.

In order to probe the intrinsic nanowire resistivity without contributions from a
finite contact resistance, electrical measurements were performed on a back-gated four-
point device with a 54 nm SiO» dielectric and boron implanted regions under Ni contacts,
with results shown in Figure 2.5 (the nanowire channel remains undoped). Results yield a
room temperature conductance of 1.39x10°A/V at zero gate voltage, and a field-effect
mobility of 600 cm?/V-s for a device with channel length of 1100nm, Ge core diameter of
42nm, and Sio.5Geo s shell thickness of Snm. The field-effect mobility was extracted using
the gate dependence of the intrinsic conductance: u = (dG/dV}g4)Lcp/Coy, Where Cox =
5.56x1013 F/cm is the back-gate capacitance per unit length as determined by Sentaurus

TCAD simulations (Synopsys). The dependence of conductance on gate voltage indicated
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that the nanowires are p-type, and the measurement of conductance at zero gate bias
combined with Sentaurus TCAD simulations yields a peak hole concentration near the
interface of 2x10'"¥ cm™.

To shift the threshold voltage to match experimental data (Vi = 4.5V), 2x10'8 cm™
3 boron doping was added to shell. The core remains undoped. Band offsets used for the
simulation were taken from previous results.>® The electric field approximation for the
triangular well underestimates the electric field closer to the interface; however, this is

offset by the overestimation of the barrier height, which is assumed to be of infinite height,

in the triangular well approximation when in actuality the barrier is significantly smaller.
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Figure 2.6. Raman spectra from (a) conventional Raman measurements and (b) TERS
measurements. Both spectra are fitted to two Lorentzian peaks: one in green
for the core region and one in blue for the interface region. The sum of the
two peaks is shown in red in both plots, and shows excellent agreement with
the measured spectra.

Figure 2.6 shows Raman spectra for the Ge-Ge vibrational mode obtained from Ge-

Sio.sGeo.s core-shell nanowire heterostructures both using the conventional Raman

spectroscopy apparatus and via TERS. In each case, the spectra are fitted to two Lorentzian
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peaks. One peak, shown in green, corresponds to Ge-Ge vibrational modes in the Ge core
of the nanowire. The other, shown in blue, is associated with Ge-Ge vibrations in the Ge
nanowire core region near the Ge-SiosGeo.s interface, at which a quantum-confined hole
gas is present. Prior studies of Raman spectra in heavily doped p-type Ge have
demonstrated that coupling between the Ge-Ge vibrational mode and intra- and inter-
valence-band transitions leads to an asymmetric broadening of the Ge-Ge Raman peak as
well as a shift in peak position to smaller wave numbers.”*? In addition, behavior similar
to that shown in Figure 2.6a has been observed in earlier Raman spectroscopy studies of
Ge-Si core-shell nanowires, and attributed to a superposition of Raman peaks from the Ge
nanowire core and the vicinity of the quantum-confined hole gas at the core-shell
interface.®

In comparing the conventional and tip-enhanced Raman spectra shown in Figure
2.6, we observe that the amplitude of the peak attributed to Ge-Ge vibrational modes near
the core-shell interface (hereafter referred to as the “interface peak™) is substantially larger,
compared to the peak associated with Ge-Ge vibrations in the Ge core (hereafter referred
to as the “core peak”), in the TERS measurement, indicating that TERS yields a stronger
relative signal from the interface region. In addition, the separation between the core and
interface peaks is significantly greater in the TERS measurement than in the conventional
Raman spectrum. We attribute the increase in peak separation in the TERS measurement
to an enhancement in coupling between the Ge-Ge vibrational mode and a combination of
intra and inter-valence-band transitions that occur due to the altered spatial distribution of

the electromagnetic field in the vicinity of the probe tip under laser illumination.
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Figure 2.7. (a) Schematic diagram of the nanowire band structure as it relates to the
TERS experimental setup. (b) Schematic band diagram showing energy and
momentum conservation constraints for the carrier transitions within the
valence band. The black parabola represents the initial band dispersion with
an initial Fermi level position, Er. The colored parabolas represent the shift
in energy, ho, and shifts in momentum, q:’,q2’, and g3’, caused by different
carrier transitions with the Fermi level at Ef’. The green and blue parabolas
indicate intravalence band transitions with two different momentum shifts,
qi’ and q2’. The purple parabola with a shift in momentum g3’ represents a
intervalence band transitions between bands with different band curvatures.
The inset shows a schematic diagram of the phonon mediated e-/ pair
creation and recombination that alters the self-energy of the phonon.

Figure 2.7a shows a schematic band edge energy diagram of the nanowire
heterostructure. The interface region in the Ge core contains a two dimensional hole gas
(2DHG) with a much higher hole concentration than in the rest of the core. Based on
electrical measurements and transport simulations, a peak carrier density of approximately
2x10'® carriers cm™ occurs in the interface region, which is below the threshold in p-type
bulk Ge for observing either a red shift in the Ge-Ge Raman peak position or a broadening
in the peak when compared to intrinsic bulk Ge.”** However, the geometry of the 2DHG

in the interface region of the nanowire results in a significantly altered valence-band
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structure, compared to the bulk case, where factors such as the greater curvature of the first
and second heavy hole subbands would result in a greater number of occupied and
unoccupied valence states near the Fermi energy. A greater number of occupied and
unoccupied states near the Fermi energy would allow for coupling between intra and inter-
valence-band carrier transitions and the Ge-Ge phonon mode comparable to that of much
more heavily doped bulk Ge, which would be observed through the similar peak shift and

broadening of the Ge-Ge mode Raman peak.
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Figure 2.8. Simulated band edge energy diagram for the valence band for the same core-
shell nanowires. The dashed red line indicates the Fermi level. The top of
the nanowire is the region closest to the tip apex and therefore of most
interest. The dashed purple lines indicate confinement energies for the first
and second heavy hole bands, Eyn; and Epn2, and the first light band, Eix;.
The confinement energies were approximated by modeling the interface
region as a triangular well. The average electric field used in the triangular
well approximation is taken from the band edge energy diagram over 12nm
towards the center of the Ge core from the interface.
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For bulk Ge, the heavy hole effective mass is 0.33m., and the light hole effective
mass is 0.043m..*> To calculate the effective masses for the 2D hole gas in the interface
region of the core shell nanowire, we assume a triangular quantum well and use the

experimentally determined Luttinger parameters, y1 = 13.35 and v> = 4.25%, which results
Mme

in a transverse heavy hole effective mass of = 0.0568me., and a light hole transverse

Y1tY2
Mme

effective mass of =0.1099m.. When comparing the two valence band curvatures, the

Y1tV2

heavy hole band in the nanowire case has significantly more curvature than the heavy hole
band in the bulk case, and the light hole bands have comparable curvature in both cases.
The much greater curvature would indicate a higher number of occupied and unoccupied
states for carrier transitions to occur. Based on a carrier concentration of 2x10'® cm™, the
sheet density for the 2DHG at the nanowire interface would be 1.59x10'? cm™, which
would only fill the first heavy hole subband of the valence band. The Fermi level is then
below the top of the valence band, which allows intervalence-band transitions to occur
between the subbands.®*

The shift and broadening of the Raman peak in heavily p-type Ge can be explained
by considering the phonon mode excited in the Raman scattering process and the
interaction with the 2DHG at the core-shell interface through particle-vacancy creation and
recombination processes. For simplicity we illustrate this interaction in Fig. 2.4b for the
case of a non-degenerate parabolic band; a quantitative description should take into account
the degeneracy and full dispersion of the Ge valence band including confinement effects.
For a process of particle-vacancy creation through phonon absorption, the energy and
momentum conservation conditions may be written as

h 2 k 12 h 2 k 2

hao = 2.1
me 2m @D
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k'=k+q, (2.2)

respectively, where w is the phonon frequency, k and k’ are the wavevectors for the initial
and final electronic states, q is the phonon wave vector, and m is the hole effective mass.
Assuming plane wave incident and scattered radiation, the phonon wave vector q is given,

due to momentum conservation, by’

q= 4z n(4), (2.3)

where A is the free-space wavelength of the incident light and n(A) is the refractive index
of the nanowire material as a function of wavelength. Coupling of phonons to electronic
transitions between valence-band states can occur through the deformation potential
mechanism, which is directly responsible for the self-energy of the phonons.”*> When the
phonon frequency is comparable to the free-carrier redistribution time, as is the case for
optical phonons that are of interest here, the electron-phonon interaction must be treated
quantum mechanically, and can allow for the decay of phonons into hole excitations within
the valence bands.®® These free-particle excitations take place due to transitions of
electrons from occupied to unoccupied valence-band states near the Fermi energy. If (1)
both interacting elementary excitations are Raman active, as is the case with transverse
optical (TO) phonons and electron-hole pairs, (ii) the phonon energy coincides with the
energy of the electronic excitations, and (ii1) momentum conservation among the phonon
momentum and the initial and final electronic state momenta is satisfied, the Raman peak

associated with the phonon mode may broaden asymmetrically due to the Fano effect.’
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In general, Fano resonances arise due to interference between the scattering
amplitudes from a discrete excitation and a continuum of transitions,®” which in this case
are the optical phonon and the continuum of electronic transitions within the Ge valence
band, respectively. In Raman measurements, coupling between phonons and such
transitions can occur when both energy and momentum conservation are satisfied, which
in turn requires very high hole concentrations. Figure 3b shows a schematic illustration
of the momentum and energy conservation constraints on carrier transitions within the
valence band. A carrier transition shifts the energy and momentum of the initial parabolic
valence band dispersion, shown in black with Fermi energy Er, to a new position, shown
with the colored parabolas with Fermi energy Ef’, depending on the phonon frequency, w,
and wavevector, g. A carrier transition is allowed if the intersection point of the original
parabola and the shifted parabola is higher in energy than Ef, which indicates an initially
occupied hole state, and lower in energy than E¢’, which indicates a final vacant hole state.
The energy and momentum conservation constraints for allowed transitions apply to both
intra and intervalence-band transitions, with changes in dispersion of the bands for the
initial and final states implicitly modeled within the allowed intersection points of the
original and final parabolas. For Ge-SiGei.x core-shell nanowires, the elevated hole
concentration in the quantum-confined hole gas, combined with changes in valence-band
dispersion in this region, leads to coupling of phonon interactions with a continuum of
intervalence-band transitions to produce a shift in the Ge-Ge interface Raman peak.
Although the Fano resonance lineshape can in principle differ dramatically from the
Lorentzian form, we continue to model the Raman spectra for the core-shell nanowires
using a superposition of Lorentzian lineshapes as we observe only very limited departures
from Lorentzian behavior experimentally, as is evident from Figure 2. The limited

asymmetry observed in our measurements is consistent with Raman spectra reported for
31



heavily doped bulk p-type Ge with room temperature hole concentrations similar to those
estimated for the quantum-confined hole gas region in our samples.”*

Coupling of phonons to intervalence-band carrier transitions has been identified
previously as the dominant mechanism leading to a substantial negative shift in Raman
peak wave number in heavily doped p-type Ge and Si.”®® Intravalence-band transitions,
which may also occur but are not the primary contributor to the observed Raman peak shift,
lead to a positive shift in Raman peak wave number in heavily doped p-type Ge, as well as
a dependence of peak position on the excitation radiation wavelength.” Specifically in the
case of heavily doped p-type Si, a detailed analysis has shown that coupling of the Si-Si
vibrational mode to a continuum of electronic excitations produced by intervalence-band
transitions with energies overlapping that of the vibrational mode leads to a shift of the Si-
Si Raman peak to smaller wave numbers.®® The valence band structure of Si is similar in
a number of key respects to that of Ge, including splitting that occurs at the top of the
valence band under strain, and similar effective masses for both the heavy-hole (0.49m,
and 0.33m. for Si and Ge, respectively, where m. is the free electron mass) and light-hole
(0.16m. and 0.043m. for Si and Ge, respectively) valence bands.** The spin-orbit splittings
(0.044eV and 0.29¢V for Si and Ge, respectively) differ significantly, but the split-off band
is not expected to play a very significant role at the hole concentrations expected to be
present in Ge-Sip.sGeo.s core-shell nanowires.

Because of these similarities between the valence-band structures for Si and Ge, we
have adopted the approach of Cerdeira et a/®® to analyze coupling between Ge-Ge phonon
modes and intervalence-band transitions near the Ge/Sio.5sGeos interface of the core-shell
nanowires employed here. Specifically, the shift in the position of the Ge-Ge Raman peak

arising from coupling to intervalence-band transitions is assumed to be given by®
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()= x| p(ha))<\<y/i H|g)|” > dv | 2.4)

where /”is the magnitude of the shift in Raman peak position, p(% ®) is the joint density of

2
states for the continuum of intervalence-band transitions, <‘<wi |H|¢>‘ > is the square of
av

the magnitude of the electron-phonon interaction matrix element, averaged over different
symmetry directions, and the integral is computed over the nanowire crystal volume. As
the Fermi level moves deeper into the valence band with increasing hole concentration, the
wave vectors of the optical phonons in a conventional Raman measurement, as given by
Eq. (2.3), begin to allow electronic excitations within the valence band of p-type Ge at the
optical phonon energy.” These transitions lower the electronic contribution to the free
energy of the material, decreasing the elastic constants and thereby reducing the phonon
energy. This behavior is directly observable as a shift of the Raman peak for the Ge-Ge

vibrational mode to smaller wave numbers.”*?
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COMPUTATIONAL ELECTROMAGNETIC SIMULATIONS
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Figure 2.9. Computational electromagnetic simulations for an electromagnetic plane
wave incident on a nanowire in proximity to an AFM probe tip, modeled as
an Au sphere. (a) Schematic of simulation geometry showing k propagating
at an angle of 30° relative to the z-axis and the electric field polarized at an
angle of 30° relative to the x-axis. Spatial cuts of Ex are taken along the
center of the nanowire in the x-y plane. Shown are field distributions for (b)
the case without the tip, (b) the case with the tip at a distance of 20 nm from
the nanowire, and (c) the case with the tip at a distance of 3nm from the
nanowire. The dashed lines show the position of the tip (modeled as a
sphere) and the nanowire.

In a TERS measurement, the proximity of the sample to the metallized AFM probe

tip changes the spatial distribution of the electromagnetic field in the sample region near
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the tip, and consequently increases the coupling between the Ge-Ge vibrational mode and
the continuum of intervalence-band transitions. Figure 2.9 shows computational
electromagnetic simulations of electric field distributions for a Ge-Sio.sGeo.s core-shell
nanowire with a shell thickness of S5Snm and total diameter of 50nm positioned just below
a metallized probe tip, modeled for simplicity as an Au sphere 100nm in diameter, and
subjected to plane-wave illumination at a wavelength of 633nm. The simulation geometry
is illustrated in Figure 2.9a.

The RSoft DiffractMod software package was used to perform EM simulations.
The DiffractMod package uses a combination of Rigorous Coupled Wave Analysis
(RCWA) with Modal Transmission Line (MTL) Theory. RCWA represents the
electromagnetic fields as a sum over coupled waves, while the periodic permittivity
function is represented using Fourier harmonics. Each coupled wave is related to a Fourier
harmonic, allowing the full vectorial Maxwell’s equations to be solved in the Fourier
domain and the spatial field distributions are computed from the Fourier harmonics. The
diffraction efficiencies are then computed at the end of simulation. MTL is equivalent to
RCWA, except that MTL uses summations over individual modes to represent the
electromagnetic fields, which gives the benefit of describing the fields as an equivalent
transmission-line network. The transmission-line network acts as a template for generating
computational programs, and therefore providing a more systematic procedure to deal with
complex geometries. In the simulation, five Fourier harmonics were used when modeling
the simulation geometry. The incident electric field polarization is taken to be normal to

the nanowire axis.
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Figure 2.10. Computational electromagnetic simulations. Shown are results along the
center of the nanowire in the x-y plane of the electric field density for (a) an
electric field polarization of 30° in relation to the x-axis and (b) an electric
field polarization along the y-axis. Both simulations are performed with the
tip within 3 nm of the nanowire.

Prior studies®® and our own simulations have shown that the polarization of the
electric field can substantially influence the amplitude of the field within the nanowire core,
as shown in Figure 2.10. When the electric field is polarized along the direction of the
nanowire axis, the electric field density within the wire is significantly higher than when it
is perpendicular to the nanowire axis. In the x-polarization case, the polarization is the
same as in Figure 2.9. The polarization employed for the simulations shown in Figure 2.9
was chosen to highlight the effects of field localization by the metallized probe tip. Optical
parameters for the materials present in the simulation volume were taken from the
literature.®

Figure 2.9b-2.9d shows plots of the numerically simulated electric field density

Uk(r), given by
uE(r):%Re[g(r)]E(ry, 2.5)
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where £(r) is the complex dielectric function at the appropriate wavelength and E(r) is
the electric field amplitude, in the xy plane that bisects the nanowire in the absence of the
probe tip, and for separations between the tip and nanowire of 20nm and 3nm. The
dashed lines indicate the positions of the Au sphere and the core and shell nanowire
regions. As shown in the figure, there is a substantial enhancement in the electric field
density in the nanowire region near the Au sphere used to model the metallized AFM
probe tip, with the enhancement being much more pronounced, and extending farther into
the nanowire, at a tip-sample distance of 3nm compared to that at 20nm. In addition, the
field distribution in the absence of the Au sphere is, as shown in Figure 2.9b, largely
plane wave-like, whereas with the Au sphere present, as in Figures 2.9¢ and 2.9d, the

field distributions deviate substantially from those for simple plane waves.
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Figure 2.11. Computational electromagnetic simulations of electric field density with
improved tip design. (a) Simulation without the tip with the k vector normal
to the substrate surface. (b) Simulation with the improved tip 3 nm from the
nanowire, with the same EM field conditions as Figure 2.5d.

We have also performed EM simulations of the interaction between the nanowire

and an improved tip design that mirrors more closely the actual shape of a TERS tip. In

these simulations, instead of just a sphere, we use a cone shaped tip shape as shown by in

Figure 2.11b. The electric field density at the interface between the core and the shell

remains very similar in profile to previous simulations with the tip modeled as a sphere.
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STRAIN AND T1P PROXIMITY DEPENDENCE OF NANOWIRE RAMAN SHIFTS
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Figure 2.12. (a) Raman peak positions vs. total nanowire diameter. The top panel shows
the core peak positions. The calculated Raman shift is shown with the solid
blue line. The bottom panel shows the interface peak positions. The solid
blue line represents the calculated Raman shift for the core peak (shown in
the top panel) rigidly shifted by -5.5 cm™!. (b) The separation between the
core and interface peaks for our three measurement conditions. Different
symbols represent measurements from different probe tips. (¢) Core peak
positions for various measurement configurations for a diameter range of 55
to 64 nm. Core peak positions are independent of measurement
configuration.

The increased field density in the immediate vicinity of the probe tip results in an
increased amplitude for the interface peak in the Raman spectra measured by TERS, as was
shown in Figure 2.3. As a result, the positions of both the core and interface peaks can be

precisely determined. Figure 2.12a shows the core and interface Raman peak positions

from TERS spectra obtained for several different nanowire regions as functions of total
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nanowire diameter at the probe tip position. Measurements were performed on regions of
Ge-Sio.sGeo.s core-shell nanowires with diameters ranging from 35nm to 70nm and
constant shell thicknesses of 5nm. All measurements shown in Figure 2.12a were
performed in intermittent contact mode with a tip oscillation amplitude of 3nm. The solid
lines in Figure 2.12a correspond to Ge-Ge Raman peak positions calculated based on
measured nanowire dimensions and assuming coherent strain between the nanowire core
and shell. Specifically, the calculated position of the core peak, corresponding to the solid
line in the upper plot of Figure 2.12a, was obtained as a function of nanowire diameter by
solving the secular equation of lattice dynamical theory with appropriate elastic constants.

The calculated Raman shift due to strain was determined by solving the secular

equation obtained from lattice dynamical theory:”°

pe'1n tqe'zn +e's3) — A4 2re's; 2re'y3
2re'y, Pz +qe'1s +&'33) — A, 2re’y; =0 (2.6)
2re'ys 2re’ )3 pe'33 +q(e'1s +&'22) — A3

The terms p, ¢, and r are the Ge core phonon deformation potential values, &ij
indicates the values of the strain tensor, and Ak are the wavelengths of the Raman modes.
Eq. (2.6) can be simplified by taking into account the form of the strain tensor in the core
due to the cylindrical symmetry of the NW. By taking the z-axis to be in the direction of
the NW main axis, the [111] direction and the x and y axes as the [110] and [112]

directions, respectively, the strain tensor is then of the form:**4°

&r 0 0
€= ( 0 & O ), (2.7)
0 0 &y
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where the in-plane components ¢, and ¢,,, are equal and labeled as ¢,,.. The off-diagonal

shear components are 0. The strain tensor is then converted into a crystal-oriented
coordinate system where the x’, y’, and z’ axes correspond to the [100], [010], and [001]

directions, respectively. Using the following tensor transformation:

€'ij = Xipq AipAjq€pqy (2.8)

where
(Ve Y&
a=| e Y Vsl 2.9)
\ 0 _2/\/6 1/\/5/

this results in the following strain tensor:
2 1 -1 1 -1 1
& T 38z T Er T 3E T Er T DE

-1 1 2 1 -1 1
g'= k? Err t+ ggzz ggrr + ;822 ?grr + ;gzz)' (210)

-1 1 -1 1 2 1
?Err'l'gezz ?grr'l';gzz ;grr+§gzz

By substituting Eq. (2.10) into Eq. (2.6), a nondegenerate singlet mode A, = A, and

a degenerate doublet mode A; = A, = A5 are obtained:

= ios i e e ta-2]

1 2 2 2 4 2
Ayz = €4 [§p+§q—§r]+sw [§p+§q+§r], (2.11)
Using the polarization selection rule:
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- , — 2
I; x El?;lC "R’ Escat| (2-12)

where

the relative intensities I;, can be determined for the three Ge-Ge modes A; from Eq. (2.11).
The unstrained phonon wavevectors, u;, are given by u; = [100], u, = [010], and u; =
[001]. u; are the phonon wavevectors under strain, where the values were found through
a solution of Eq. (2.6) using a strain tensor of the form of Eq. (2.7) with arbitrary values
for &, and €,,. E};lc and Escat are the polarization vectors of the incident and scattered
light, respectively. R’; are the Raman tensors of the perturbed system, while R; are those
of the unstrained cubic system.’? After calculating the Raman intensities of the three Ge-
Ge modes, it was determined that the singlet mode had the highest relative intensity and
was the one being observed. The constants given in Table 2.1 were then used to determine

the theoretical Raman shift:

Table 2.1. Elastic constants

p/w§ q/ws r/wg acore(A) | agen(A)  Euy(GPa). v i t(N/m)

-1.66"2 -2.1973 -1.11™ 5.6587° 5.5387° 1557° 0.16°{ 1.00%

The calculated position of the interface peak, corresponding to the solid line in the
lower plot of Figure 2.12a, was obtained by applying a rigid shift of -5.5cm™ to the

calculated core peak positions. For simplicity, this rigid negative shift was determined by
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taking the average difference between the core and interface peak positions for each
individual measurement.

As seen in Figure 2.12a, the calculated core and interface peak positions, and their
dependence on total nanowire diameter, are in good agreement with those measured
experimentally. The good agreement between the calculated and measured core peak
positions provides confirmation that, for all the nanowire regions studied, the core and shell
are coherently strained, with decreasing total nanowire and core diameter leading to an
overall shift of the core peak from the intrinsic unstrained Ge-Ge vibrational mode position
of 300.5cm™ to larger wave numbers. This occurs because for a constant shell thickness,
it is energetically favorable for compressive strain in the core region to increase in
magnitude with decreasing core diameter and consequently volume, leading to the
observed increase in Raman peak wave number with decreasing nanowire diameter. The
very similar diameter dependence of the core and interface Raman peak positions indicates
that both the core and interface peak positions are influenced by the same strain
configuration. Since the only region of the core-shell nanowire that is expected to have
spatially uniform strain is the Ge core, and since the shell region is expected to have a very
different strain configuration, with a different diameter dependence, compared to the
core,'? we conclude that both the core and interface peaks are associated with Ge-Ge
vibrations in the Ge core, with the interface peaks corresponding to Ge-Ge vibrations near

the Ge-Si0.5Geo s core-shell interface.
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Figure 2.13. The separation between the core and interface peaks for our three
measurement conditions with vertically polarized laser excitation.

Figure 2.12b shows the separation between the core and interface peaks measured
for various nanowire regions using conventional Raman spectroscopy (“no tip”), and for
tip oscillation amplitudes, which to a reasonable approximation correspond to the average
distance between the tip apex and sample surface, of either 20nm or 3nm. The two different
symbols represent measurements with two different tips. For both probe tips, the
separation between the core and interface peaks increases in the presence of the probe tip
and as the probe tip moves closer to the sample surface, although the size of the peak
separation varies from one tip to the other. Experimental data obtained with a vertical
polarizer along the excitation laser path shows the same relationship between peak
separation and distance between probe tip and sample surface as shown in Figure 2.13.
Differences in the precise values of Raman peak separation as a function of tip tapping
amplitude occur due to variations in tip shape and size at the nanoscale.

Figure 2.12c shows the position of the Raman core peak measured in the absence
of a probe tip and for tip oscillation amplitudes of 20nm and 3nm, for nanowire diameters

ranging from 55nm to 64nm. The position of the core peak is seen to be independent of
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proximity to, and even the presence of, the probe tip, demonstrating that the increased peak
separation with increasing tip proximity shown in Figure 2.12b is due entirely to a shift in
the position of the interface peak. In addition, the observation that the core peak position
remains fixed for the different measurement configurations employed confirms that the
enhanced fields from the tip are not significantly changing the background hole density in
the Ge core or inducing local heating effects, which would be expected to be more
prominent in the TERS measurement than in conventional Raman spectroscopy, and which
would produce a negative shift in Ge-Ge core peak position, or introducing other factors
that would affect the core peak position.

The shift in Ge-Ge interface peak position with increasing proximity to the probe
tip can be explained as follows. Without the Au-coated probe tip present, the phonon wave
vector magnitude ¢, given by Eq. (2.3), is determined by the wavelength of the incident
illumination and the nanowire refractive index. For typical wavelengths, ¢ is very small in
comparison to the size of the Ge crystal Brillouin zone, and therefore severely constrains
the intervalence-band transitions that are consistent with conservation of linear momentum.
In conventional Raman spectroscopy of a Ge-Sio.5Geo.s core-shell nanowire, the high hole
concentration present in the quantum-confined hole gas at the Ge/SiosGeo.s interface,
combined with altered valence-band dispersion associated with quantum confinement,
enables these transitions to occur and produces the observed shift in the position of the
interface peak position. In the presence of the probe tip, however, the fields are no longer
plane wave-like in the immediate vicinity of the tip. The fields scattered by the tip contain
additional Fourier components, which provide additional options to satisfy momentum
conservation constraints in phonon scattering, and therefore enable greater interaction
between the Ge-Ge vibrational modes excited by the incident illumination and electronic

transitions within the Ge valence bands. This basic concept was illustrated in Figure 2.4b,
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which shows the energy and momentum shifts associated with multiple intra and

intervalence-band transitions with the same energy, but different wave vectors; more such

transitions will be allowed for TERS compared to conventional Raman measurements.

Fourier Analysis of Electromagnetic Simulations
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Figure 2.14. Computational electromagnetic simulations. Spatial cuts along the center of
the nanowire in the x-y plane of (a) Ex and (b) the electric field density are
shown. Both simulations are performed with the tip within 3 nm of the

nanowire.
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Figure 2.15. 2D FFT computations from our spatial electric field simulation data (a)
Schematic of the simulation region used to compute the 2D FFT. The

calculated electric field component in the x-direction (Ex) for the 25nm x
50nm region of the nanowire closest to the Au tip is used to compute the 2D
FFT. Computation results for the cases (b) with no tip, (c) with a tip 20 nm
from the nanowire, and (d) with a tip 3 nm from the nanowire.
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Figure 2.16. Fourier amplitude as a function of ky computed from EM simulations for kx
=0

Fourier analysis of numerically simulated electromagnetic field distributions
provides further insight into the influence of probe tip proximity on Raman scattering
processes and coupling between optically excited phonons and intervalence-band
transitions in the TERS experiments reported here. Specifically, two-dimensional Fast
Fourier Transforms (FFTs) have been performed on the x-component of the electric field,
E., computed for an electromagnetic plane wave of wavelength 633 nm incident on a Ge-
SiGe core-shell nanowire under the same conditions and for the same geometries as in
Figure 2.9. E, was selected for this analysis because it is the dominant field component in
the electric field density in the vicinity of the probe tip as shown in Figure 2.14. The
features in the spatial field distribution at the interface region are very similar for both the
electric field component in the x-direction and the electric field density plots. As shown
in Figure 2.15a, the FFT analysis was performed for a 25nmx50nm region of the nanowire
closest to the Au sphere in the simulation, and in the xy-plane bisecting the nanowire. Full

FFT computations for the no tip, 20 nm tip separation and 3 nm tip separation scenarios
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are shown in Figures 2.15b, 2.15¢, and 2.15d, respectively. Figure 2.16 shows the Fourier
amplitude as a function of k, computed from the electromagnetic simulations for k. = 0 in
the absence of the Au sphere, corresponding to a conventional Raman spectroscopy
measurement configuration, and with the sphere surface either 20 nm or 3 nm from the
nanowire surface, corresponding to TERS measurements with tip oscillation amplitudes of
20 nm or 3 nm, respectively. Since the allowed wave vectors for carriers in the quantum-
confined hole gas in the xy-plane are quantized in the x-direction, the Fourier amplitudes
are analyzed only as a function of k,. The greater Fourier wave amplitudes are limited to
k, values close to the Brillouin zone center, which allows us to assume that the additional
Fourier components only create discrete states at the flat zone center region of the Ge
optical phonon dispersion and therefore limits the energy range of the optical phonons that

interact with the continuum of intervalence-band transitions.

Raman Shift Analysis

We model the effect of these additional Fourier components by including multiple
discrete phonon states with wavevectors limited to values near the center of the Brillouin
zone, consistent with Fourier analysis of simulated field distributions, shown in Figure
2.15, that interact with the continuum of intervalence-band carrier transitions. The energy
range of the optical phonons remains very narrow because the optical phonon dispersion
in Ge is nearly flat at the Brillouin zone center.”® The limited range of energies and
wavevector values for the optical phonons results in consistent magnitude of second-order
coupling between each discrete phonon state and other excited phonon states, due to
coupling via the continuum of carrier transitions, and between each discrete phonon state
and the continuum, which combined cause an absolute shift in the phonon self-energy that

is consistent across all the discrete states.’” The consistent absolute shift in the phonon self-
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energy results in a greater separation between the core and interface peaks with limited
peak broadening for the interface peak as can be seen in Figure 2.7b.

For heavily p-type Si and Ge, the dominant mechanism that causes the significant
red shift in the Raman spectra when compared to the intrinsic material is intervalence band
carrier transitions rather than intravalence band carrier transitions, although both types of
transitions may occur.” The Raman shift caused by the intervalence band transitions can

be described by*®
hl(w) = 7 [ p(ha){|(Y;|H|p)?) gy dV, (2.14)

where I’ is the magnitude of the Raman shift, p(hw) is the combined density of states for
the continuum of intervalence band transitions, {|{(y;|H|p)|?),, is the average matrix
element of the electron-phonon interaction for different symmetry directions, and the
integral is computed over the nanowire crystal volume. By assuming the average matrix
element is independent of energy and by computing the two-band electron-phonon matrix
element using the deformation potential approximation for 26 directions in k space
(6{100}, 8{111}, and 12 {110}), this leads to a value given by®3

2
)

(Wil HIpN) 0y = = (5 0F ) (2.15)

where SEis the splitting of the top of the valence band produced by the k = 0 optical
phonon. Assuming §E is constant for the excitation volume of the crystal, the splitting for
the ground state zero-point phonon is given by®®

adh

4MVgy 2

1/2
SE = ( ) 20 (14 np)'2, (2.16)
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where a is the lattice constant, M is the ionic mass, V,, is the excitation crystal volume, dy
is the deformation potential and #p is the number of phonons which are distributed in
energy according to the Bose-Einstein distribution, which relates directly to the number of
phonons involved in the splitting of the top of the valence band. By assuming p(hw) is
also constant for the excitation volume, the expression for I' is then®®

hl™ = %(E)h—ad(z)p(hw)(l +np). 2.17)

78/ MQ

To evaluate I', a numerical estimate of p must be obtained, which can be determined by its
value at the Fermi energy (u), by assuming limited variation in p(hw) in the neighborhood
of w = (). Parabolic bands can be assumed with masses m; and m; for the heavy hole and
light hole valence bands. Using these assumptions, the density of states is given by®®

~ 3 ad/? Np—N;
P(U) = E(l—a)3/2(1—a3/2) po

(2.18)

where = m;/m;, = 0.22, for heavy hole and light hole effective masses for Ge calculated
using the k.p method.

In the case of the interface region of the nanowire in close proximity to the probe
tip, additional wavevector values are produced by the changed spatial field distribution.
Additional wavevector values relax momentum conservation constraints and result in a
greater number of phonons involved in the intervalence band transitions. This now means
that instead of just taking into account the effect of the k = 0 optical phonon, a distribution
of phonons, with the maximum centered at k = 0, contribute to the intervalence band carrier
transitions. An increase in intervalence band carrier transitions would result in a

pronounced increase in the red shift of the Raman spectrum. To quantify this increased
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change, the value of np must be first determined. The value of I' can be compared to the
Raman shifts measured in the case without the tip to determine the appropriate value of ng
that will be used in further calculations. For a Raman shift of ~1.2 cm™!, which is the
average for our Raman measurements without the tip, we obtain a value for ng of 0.62.
To incorporate the effect of the tip, an additional distribution function representing the
distribution of additional phonons allowed by momentum conservation relaxation is
convoluted with Eq. (2.17) to represent the distribution of phonons that are now allowed
instead of just the zone center optical phonon.”” This yields an equation for the Raman
shift given by

b = 2(E) 22 4201+ ny) [ p(heoYh(he)do @19)

where h(hw) is the distribution function for the allowed phonons. Because p(hw)is very
flat around w = (2, its value can be taken as a constant with a value determined by Eq.
(2.18). Solving the integral for Eq. (14) is now simple and yields:

hr = 5 (%) e 431+ np) p(ha. (2.20)

78/ MQ

where hj; is the value of the integral of the phonon distribution function. For a I of 4.2
and 8.4 cm™!, the lower and upper bounds for the interface peak Raman shift for 3 nm
tapping amplitude measurements, the values for h,; are 3.5 and 7.0, respectively. The
average I for conventional Raman measurements is 1.0, which corresponds to a h; of 0.83.
If the conventional Raman results are used to normalize the distribution function, the
resulting full width half maximum (FWHM) of h; for the lower bound and upper bound
for 3 nm tapping amplitude measurements would be 2.4 cm™ and 4.7 cm™'. In previous

results relating optical phonons and acceptor continuum states in Si, the FWHM for the
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phonon distribution was found to be ~15 cm™ which is greater but still reasonably close to
the values determined in the TERS measurement.”’

Although the detailed analysis of the additional Raman shift arising from coupling
of phonons to intervalence-band transitions was performed assuming bulk valence band
structure parameters for Ge, we expect that the same concepts, with qualitatively similar
conclusions, should apply for core-shell nanowires and intervalence-band transitions in the
quantum-confined hole gas. In particular, we anticipate that coupling between the Ge-Ge
vibrational mode and intervalence-band transitions in the quantum-confined hole gas will
still occur due to the high local hole concentration, although the strength of that coupling
will vary depending on the detailed structure of the valence subbands. The additional
Fourier components of the electric field induced by proximity to the probe tip will increase
this coupling, just as in the bulk case, resulting in an increased shift of the Raman interface
peak to smaller wave numbers in the presence of the probe tip, and with decreasing distance

between the probe tip and nanowire surfaces.

CONCLUSIONS

In conclusion, we have performed TERS and conventional Raman spectroscopy
measurements on Ge-SiGe core-shell nanowires and, for the first time, identified two
clearly distinguishable Ge-Ge vibrational mode Raman peaks from the core and interface
regions of the nanowires. We confirm the origin of the two Ge-Ge mode Raman peaks,
and determine the local strain configuration in the nanowire, through analysis of the
diameter dependence of the Raman peak positions. We also demonstrate that positioning
the Au coated AFM probe in close proximity to the nanowire directly causes a pronounced
increase in the separation between the core and interface peaks and overall larger interface

peak signal that indicates localized probing of that specific radial region of the nanowire.
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By performing a Fourier analysis on electromagnetic simulations of field distributions
arising from the presence of a probe tip and the interaction between tip and nanowire, we
find an increase of the higher-order Fourier amplitudes in the vicinity of TERS probe. The
increased amplitudes of higher-order Fourier components cause significantly more
coupling of intervalence-band transitions to phonon modes, which directly leads to an
increased negative shift in the position of the interface peak. This study also opens up
possibilities for further investigations into local bonding, phonon behavior, carrier

distributions, and phonon-carrier interactions in a variety of solid-state nanostructures.
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Chapter 3: Probing Nanoscale Variations in Strain and Band Structure
of MoS: on Au Nanopyramidss

INTRODUCTION

Atomically thin MoS; is an especially interesting material system to study using
TERS because of the nanoscale variations in strain, layer thickness, and electronic band
structure that can be present. Previous work has shown that the MoS: electronic band
structure is highly sensitive to strain,'® which emphasizes the need to characterize strain at
the nanoscale when designing low dimensional devices.  Conventional Raman
measurements on MoS; have previously been used to measure changes in strain and band
structure through Raman and PL measurements but often with low spatial or spectral
precision.!®!® RR scattering in MoS: probes a variety of second-order Raman features that
can yield additional information about material properties such as electronic band
structure.>>->*

We have performed localized characterization of thickness, strain, and
bandstructure of monolayer and bilayer MoS» using TERS, through both the first order and
second order Raman modes, as well as tip enhanced photoluminescence (TEPL). By
combining Raman spectroscopy with a scanning probe technique, we can dramatically
increase positional precision while simultaneously achieving superior spatial resolution.
Using AFM, we identify a region of MoS> that transitions from monolayer to bilayer and
perform TERS measurements that accurately distinguish sample thickness with resolutions
well below the diffraction limit. We also observe a previously unreported negative shift in

the second order acoustic phonon Raman band at the interface between monolayer and

B17. Zhang, A.C. De Palma, C.J. Brennan, G. Cossio, R. Ghosh, S.K. Banerjee, and E.T. Yu, Phys. Rev. B
97, 85305 (2018). Zhongjian Zhang designed the experiment, performed Raman spectroscopy,
photoluminescence, atomic force microscopy measurements, analyzed the collected data, and wrote the
manuscript.
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bilayer regions. After applying strain to bilayer MoS; by draping the sample over patterned
Au nanopyramids, we detect changes in strain across a half a micron region using both
TERS and TEPL through the negative shift in the first order Raman modes and the change
in intensity of the PL spectra that occurs in isolated regions of higher tensile strain. We
also show in detail the strain dependence of the second order Raman modes in MoS; for
the first time that further indicates changes in the band structure of MoS; induced by
applied strain. Finally, we perform density functional theory (DFT) simulations that show
the strain dependent changes in the second order Raman spectra directly correlate with

strain dependent changes in the band structure and phonon dispersion.

Mo0S2 GROWTH AND TRANSFER

The MoS: samples studied in these experiments were grown by a standard vapor
transfer growth process with MoOs; (15 mg) and sulfur (1 g) powder as the starting

materials. Further information on growth details can be found in Reference 78.

PDMS
082
S|02 SIO
Au SiO,

Figure 3.1. Schematic drawings of process flow for polydimethylsiloxane (PDMS)
stamp transfer process




MoS; was transferred from the growth substrate on to both a flat Au substrate or
the patterned Au nanopyramid substrate using a PDMS stamp and water transfer process.
Figure 3.1 shows a schematic of the transfer process. MoS; was transferred from the
growth substrate on to both a flat Au substrate or the patterned Au nanopyramid substrate
using a PDMS stamp and water transfer process. The as-grown MoS: is under
approximately 0.21% residual tensile strain’®, which is relaxed under the transfer process.
The PDMS stamp is applied to a region of the growth substrate with atomically thin MoS,.
To separate the MoS; from the growth substrate, the substrate, MoS; and stamped PDMS
is placed in a water bath. The PDMS stamp with the MoS: is then pressed on to either the
flat or patterned Au substrates and heated with a hot plate to 50° C. Slowly peeling away

the PDMS transfers the MoS: to the substrate.
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EXPERIMENTAL DETAILS
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Figure 3.2. (a) Schematic diagram of the TERS experimental geometry for TERS
measurements of MoS; draped over Au nanopyramid structures. (b) SEM
image of an example Au tip used for TERS and TEPL measurements.
Raman spectra obtained with the Au AFM probe in tapping mode (red
curve) and in soft contact with the sample surface (black curve) from (c)
monolayer MoS; and (d) bilayer MoS,

Figure 3.2a shows a schematic diagram of the TERS experimental setup with tip
and sample geometries for TERS measurements of MoS; on a patterned Au nanopyramid
sample. MoS2 regions characterized by TERS are first located by AFM topographic
scanning in tapping mode, which is also used to determine layer thickness and changes in

topography. Au coated AFM probe tips used in experiments were purchased commercially

and first tested to demonstrate signal enhancement on a reference sample. Figure 3.2b
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shows a scanning electron microscopy (SEM) image of a typical tip where we estimate the
radius of curvature from the image to be about 50 nm. TERS and TEPL measurements
were taken with the tip in soft contact with the sample surface to maximize signal
enhancement.

Figures 3.2c and 3.2d show Raman spectra taken from monolayer and bilayer
regions of MoS,, respectively. The red curves indicate spectra taken with the Au AFM
probe in tapping mode with a 15 nm tapping amplitude. The black curves indicate spectra
taken with the Au AFM probe in soft contact mode, which is the condition with which all
TERS and TEPL data reported here were taken. Measurements taken in soft contact show
a dramatic increase in Raman signal when compared to measurements taken in tapping
mode. When the tip is placed into soft contact with the sample surface, the distance
between the Au tip and the Au substrate decreases to around the order of a few nm, which
allows a gap mode to form between the tip and substrate with strong enhancement of the
EM field within that region that greatly increases the Raman signal as well as the
background luminescence.®® The significant signal enhancement indicates that by placing
the probe tip in very close proximity to the sample, we can increase both signal localization

and local excitation intensity.
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MoOS2 RAMAN ANALYSIS
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Figure 3.3. (a) TERS spectrum from bilayer MoS>. The TERS spectrum has been fit to 7
Lorentzian peaks with the corresponding numbers matching vibrational
modes listed in Table 1. The sum of the fitted peaks is shown in red and
shows excellent agreement with the measured spectra. (b) Schematic
drawing of an example DRR process where first an incident photon of
energy EL excites an electron-hole pair in the K valley, then the excited
electron is scattered to the K' valley through the emission of the phonon, as
shown with the green arrow. The excited electron is then scattered back to
the K valley through the emission of a second phonon, as shown with the
blue arrow. Finally, the electron hole pair recombines and emits a photon.
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Table 3.1. Corresponding vibrational modes for fitted Lorentzian peaks shown in Figure
3.3a. Peak assignments, where indicated, obtained from Reference 54.

Peak # Vibrational Modes
1 Edg
2 Ag
3 LA(~K) + TA(~K)**
4 Aig + E3, or possibly asymmetry from peak 5°*
5 Van Hove Singularity in the phonon DOS>*
6 2LA(~K) **
7 2LA(~M) %

Figure 3.3a shows a TERS spectrum for bilayer MoS2 on a flat Au substrate that
has been fit to 7 Lorentzian peaks to estimate the spectral positions of the various Raman
modes. The peaks have been numbered and assigned a corresponding vibrational mode,
listed in Table 3.1, that has been identified experimentally and theoretically in Reference
54. In our RR regime, the first order in-plane Ezlg mode centered at ~380 cm’!, labeled
peak 1, displays some asymmetry but we found it is still best to analyze the spectral position
by fitting with one Lorentzian peak. Peak 2, centered at ~405 cm™!, represents the out-of-
plane A;, vibrational mode. The remaining peaks represent second order Raman modes,
which we emphasize we fit to single Lorentzians for convenience, since second order

modes generally involve convolutions of multiple interactions.
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Most of the second order Raman modes represent double resonance Raman (DRR)
interactions that occur due to intervalley resonant scattering of the excited electrons by
phonons. As illustrated schematically in Figure 3.3b, an example DRR process starts when
an incoming photon excites an electron-hole pair near the K valley of the Brillouin zone
(BZ). The excited electron is then inelastically scattered by the emission of a phonon to
the K’ valley. After the first scattering process, the excited electron is inelastically
scattered back to the K valley by the emission of a second phonon, where then the electron-
hole pair recombines and emits a photon. Which phonons can mediate this scattering
interaction is governed by energy and momentum conservation constraints. In our work,
the DRR process describes the scattering of excited electrons by longitudinal acoustic (LA)
and transverse acoustic (TA) phonons associated with Raman modes represented by peaks
3,6,and 7.5

From Reference 54 and as listed in Table 3.1, we associate peak 3, centered at ~420
cm, with intervalley scattering of excited electrons near the K point in the BZ by a
combination of LA and TA phonons. Peak 4, centered at ~445 cm™, represents either a
combination of the A, ; and E3; vibrational modes or an asymmetry related to peak 5. Peak
5, centered at ~455 cmL, represents a van Hove singularity in the phonon density of states
(DOS) which can be shown as a saddle point between the M and K points in the BZ.
Finally, Peak 6, centered at ~465 cm™, and peak 7, centered at ~470 cm™, represent
intervalley scattering of excited electrons by two LA phonons near the K point and M point
of the BZ, respectively. Each Raman mode gives unique information about the sample.
We observe all the first and second order Raman modes in all TERS measurements in both

monolayer and bilayer MoS..
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DENSITY FUNCTIONAL THEORY SIMULATIONS

Computational Details

We performed first-principles plane wave calculations within density functional
theory (DFT) executed in the Plane-Wave Self-Consistent Field (PWscf) package of
Quantum Espresso®! using ultrasoft pseudopotentials.®? The exchange correlation potential
was approximated by a generalized gradient approximation (GGA) using the PWO91

functional.®

Dispersion corrections using the DFT-D2 method were used during structural
optimizations to determine the interlayer spacing in bilayer MoS; structures.** A vacuum
spacing exceeding 10 A was employed in the unit cells in order to separate adjacent
supercells. A kinetic energy cutoff of 70 Ry was used, and the Brillouin zone was sampled
using a Monkhorst-Pack grid®> of 25x25x1 and 15%15x3 k-points for monolayer and
bilayer calculations, respectively. Atomic positions and lattice constants were optimized
using damped molecular dynamics and the quick-min Verlet algorithm. The Hellmann-
Feynman force acting on each atom was limited to under 3x10”" Ry per atomic unit, and
the pressure in the unit cell was limited to less than 0.1 kbar. Structural optimizations
yielded a lattice parameter of @ = 3.2201 A, which is within 2% of the experimentally
measured lattice parameter of 3.16 A.3¢ The calculated interlayer Mo-Mo spacing for
bilayer MoS; is 6.2177 A. Strain was applied to the lattice in the form of in-plane biaxial
strain. In strained unit cells, atoms were relaxed along the axis perpendicular to the plane,
but were otherwise fixed. Phonon vibrational frequencies were calculated using density
functional perturbation theory (DFPT) as implemented in the PHonon package of Quantum

Espresso.
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Electronic Bandstructure Simulations
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Figure 3.4 Contour maps of the conduction band edge energy calculated from density
functional theory band structure simulations for (a) monolayer (a = 3.2139
A) and (b) bilayer (a =3.2201 A) MoS.. (¢) Cut of the band structure along
the high symmetry directions in k for unstrained (black curve), -0.5%
applied hydrostatic strain (red curve), and +0.5% applied hydrostatic strain
bilayer (blue curve) MoSz. The high symmetry points (I, Q, K, M) are
indicated by the green dashed lines. (d) Top view of the monolayer MoS»

lattice structure.

Figures 3.4a and 3.4b shows contour plots of the conduction band minimums from

the band structure in monolayer and bilayer MoS», respectively, calculated from DFT
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simulations. The conduction band minimum at the Q point in the BZ decreases in energy
relative to the conduction band minimum at the K point in the BZ from monolayer to
bilayer. Figure 3.4c shows a cut of the band structure for the high symmetry directions and
point (I', Q, K, M) in the BZ for unstrained, -0.5% applied hydrostatic strain, and +0.5%
applied hydrostatic strain bilayer MoS,. The strain behavior of the conduction band
minima at the various high symmetry points varies, most notably with a larger decrease in
the conduction band minimum at the K point relative to the decrease at the Q point with
higher applied strain. The strain dependence of the band structure agrees with previous

theoretical work on bulk MoS;, which has a similar band structure to bilayer MoS5.*’

|—unstrained (DFT optimized)

——unstrained (experimental)

Energy (eV)

|
I AN
| | I | |
r Q K M r

Figure 3.5. Band structures of bilayer MoS,, calculated via DFT, of both the structure
optimized using DFT and structure using experimental lattice parameters.
Energy of 0 eV is set to the top of the valence band at the I" point of the
DFT optimized structure.
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The calculated band structure for unstrained MoS: displays a conduction band
minimum at the K point. Experimentally, the conduction band minimum for multi-layer
MoS: is found between the I' and K points, denoted as the Q point in Figure 3.5. This
qualitative discrepancy between calculated and experimental band structures is the result
of our choice of the generalized gradient approximation functional incorporating long
range dispersion corrections (GGA+D) functional and the subsequent effect on the lattice
parameters following structural optimization, which results in an approximate
overestimation of ~2% for the calculated lattice parameters in comparison to experimental
values. Previous work has demonstrated that conduction band minimums at the K-point
during DFT calculations are the result of an overestimation of the interlayer spacing.®® In
order to confirm that the cause of the discrepancy in calculated and experimental band
structures is an overestimation of lattice parameters during structural optimization, the
band structure for bilayer MoS> is calculated using experimentally determined lattice
parameters a = 3.160 A and c¢/2 = 6.147 A. The band structure using the experimental
lattice parameters, shown in Figure 3.5, displays a conduction band minimum at the Q
point, demonstrating qualitative consistency with experimental results for MoS,. While
the GGA+D functional produces lattice parameters different from the known equilibrium
structure, they are still reliable in demonstrating the qualitative effect of strain on the band

structure.
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Strain-Induced Phonon Shifts
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Figure 3.6. Strain dependence of the E Zlg and A, 4 vibrational modes in monolayer and
bilayer MoS» calculated using density functional perturbation theory. (a)
and (b) show the behavior of the E 219 and A, 4 modes, respectively, with
applied in-plane biaxial strain for monolayer MoS». (¢) and (d) show the
behavior of the E21g and A;4 modes, respectively, with applied in-plane
biaxial strain for bilayer MoS2. The insets show schematic drawings of the
movement of the atoms for the corresponding vibrational modes

As shown in Figure 3.6, for each optimized structure at each strain, zone-center

phonon modes were calculated using density functional perturbation theory (DFPT). First

order Raman modes for both monolayer and bilayer MoS; follow the same strain behavior
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with increasing tensile strain, causing a redshift in the Raman peak position for both the
Ezlg and A;, vibrational modes. The A, vibrational mode also shows a larger shift in
Raman peak position than the E 21g vibrational mode. The strain induced on MoS: by the
Au nanopyramid structures is not completely in-plane or hydrostatic, but the DFT

simulations still provide a useful estimation for the strain dependence of the Raman modes.

Unstrained
+0.5% Strain
+1.0% Strain

0 ! 1 lII i 'II' I ! " I ' 1

Frequency (cm'1)

Figure 3.7. The phonon dispersion for both optical and acoustic phonon modes for
unstrained (blue curve), +0.5% applied hydrostatic strain (red curve), and
+1.0% applied hydrostatic strain (orange curve) bilayer MoS,. The high
symmetry points (I', Q, K, M) are indicated by the green dashed lines.

The phonon dispersion for various strains is shown in Figure 3.7. Phonon

dispersion was calculated by first calculating dynamical matrices on a uniform grid of

6x6x%2 g-points. These data were then used to generate the real-space interatomic force
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constant matrix, which could then be used to generate the dynamical matrix at a generic q-
point. Simple acoustic sum rules enforcing translational invariance were applied to the

dynamical matrices to compensate for the approximations used during calculations.
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TERS MEASUREMENTS OF UNSTRAINED MOS:2
(a) snm (B) 50

. Monolayer ™ .~ os] Bilaver

S B e =) QM ﬂ Monolayer
“;_‘_ . Y ey 4.0- | Y
Ay

3
< |
N 351 Step height T
~0.6 nm
3.0
Bilayer
0.5 um ~ g 25 T - = -
: s . " 0.0 0.4 0.8 1.2 16
B X (um
(C) 677 T y T (d) 408.0 . (ll ,,),, ————r
—_ . - 540 —'E - - A‘a mode
E 6761 - ———— & S 4075
= o 510 x S T
o 675 . BT =
= i = & ", as
[ : L480 5 ©° . .
O 674 a = 0O s, |
a 6 .o T 40851
s 2 3 a .
. 2 s, T
o 673 Z . 450 2 o 406.0 i . °
o e
) o Pl .. e (] >
o e72{ . . La20 £ E 4055 .
K !
. . L __ 3805
- it a ' = E,'mode .
8 %81 & ° i 1 S 380.0- .. g
: . 5 "y, —
. -
= 4604 ety el S 37954 . . 1
7] Pl e ce, ‘@ e
<} o, * o .
':" 455 i 379.0- . T mé. 4
© DR © S;
Q N el ———g——— [ -
B 450 . Q. 3785 - . -«
s = VanHove mode| * 5 . > >
® 2LA(~K) mode -
E 445 & 20A(~M) mode E 378.0 % 1
m T - I' T T T T m T T T T T T
0.0 0.2 04 0.6 0.8 1.0 1.2 00 02 04 06 08 10 12
X (pm) X (um)

Figure 3.8. (a) AFM image of MoS; transferred onto a flat Au substrate. The solid white linecut
traverses a transition from a bilayer to a monolayer region, delineated by the white dashed
line. (b) AFM topography for the white linecut shown in (a). The blue and red lines
highlight the bilayer and monolayer regions, respectively, with a step height between the
regions of ~0.6 nm. TEPL and TERS measurements taken along the linecut in (a) across
the monolayer to bilayer transition region. The blue and red lines highlight the average
constant values in the bilayer and monolayer regions (c) (Top Panel) Position of the PL
peak associated with the A exciton and trion (black points) and Peak PL intensity (blue
points) along the linecut. (Bottom panel) Raman peak positions for the second order Raman
modes associated with the van Hove singularity in the phonon DOS and scattering of
electrons by longitudinal acoustic phonons near the K and M points in the BZ. (d) Raman
peak positions for (top panel) first order out-of-plane 4, mode and (bottom panel) second
order in-plane Ezlg mode. The insets for the top and bottom panels show schematic
drawings for the movement of the atoms in the corresponding vibrational modes.
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Figure 3.9. MoS; transferred onto a flat Au substrate with (a) optical and (b) atomic
force microscopy (AFM) images of typical sample areas

Figure 3.8a shows an AFM image of MoS; that has been transferred onto a flat Au
substrate. The region shown features both monolayer and bilayer regions where the solid
white line indicates a line cut across a transition region from monolayer to bilayer. The
topography along the line cut, shown in Figure 3.8b, indicates a clear change in thickness
of the sample with a step height of approximately 0.6 nm, which is consistent with the layer
thickness of MoS: of 0.65 nm found in previous AFM measurements.®® Optical and AFM
images of the larger sample area are shown in Figure 3.9a and 3.9b, respectively.

TEPL and TERS measurements were taken along the same line cut indicated in
Figure 3.8b. The layer thickness of MoS: is directly detectable using PL and Raman, with

PL measurements showing a general decrease in PL intensity %!

with increasing layer
thickness. In particular, MoS> exhibits a transition from direct bandgap for monolayer
thickness to indirect bandgap for bilayer thickness, which leads to clear differences in both
the PL intensity?®®! and a shift in the A excitonic peak to longer wavelengths’ in the PL

spectra between monolayer and bilayer MoS,. The top panel of Figure 3.8c shows the

position of the A excitonic PL peak and the peak PL intensity of TEPL measurements taken
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along the linecut indicated in Figure 3.8a. The A excitonic PL peak, which is associated
with emission from both the uncharged excitons and charged excitons (trions) of the A
excitonic transition,” is fit to one Lorentzian to determine the peak position. The behavior
of the PL peak position and the PL intensity clearly indicates separate monolayer and
bilayer regions in the MoS> that correspond very well with the topographic transition
observed in AFM, with increasing layer thickness resulting, as expected, in a shift to longer
wavelengths of the A excitonic peak position as well as decreasing peak PL intensity. As
reported in previous work, there is significant PL quenching from the substrate specifically
in monolayer MoS; that mitigates the change in PL intensity from monolayer to bilayer.”?
The width of the transition region from monolayer to bilayer, which includes TEPL spatial
resolution and carrier diffusion lengths, is approximately half a micron. The transition
region width of the TEPL measurement is comparable to carrier diffusion lengths reported
on exfoliated few-layer Mo0S,,”* but it should be noted that the MoS, we are measuring
contains both monolayer and bilayer regions and is in close proximity to Au.

The top and bottom panels of Figure 3.8d show the behavior of the first order
Raman peak positions associated with the out-of-plane A; jand the in-plane E 21g vibrational
modes, respectively, from the TERS measurements taken along the same line cut across
the monolayer to bilayer transition region. The insets show corresponding schematics that
illustrate the movement of the atoms for the corresponding vibrational modes. In previous
work, increasing layer thickness of MoS; results in increasing separation between the
Raman peaks associated with the E; and A;4 modes.'®” There is a clear delineation of
the monolayer and bilayer regions with the expected behavior of increasing layer thickness
resulting in greater separation between the first order Raman modes. The width of the

transition region from monolayer to bilayer for the Raman peak position associated with

the out-of-plane A;, mode indicates a spatial resolution of approximately 100 nm, well
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below the illumination spot size of ~1 um employed in these measurements. The separation
observed between the Ezlg and A; 4 modes in the TERS experiments was ~26 cm! and ~29
cm’! for monolayer and bilayer MoS», respectively, which is greater than the corresponding
~19 cm™ and ~22 cm™! separation observed in conventional measurements with a 532 nm
excitation laser performed on the same region of interest shown in Figure 3.8a. We believe
the increased separation in the TERS measurements is due to a combination of factors.
First, in the resonant Raman regime, the E%g Raman peak has noticeable asymmetry with
broadening occurring towards lower frequencies which would result in a shift of the peak
position of the E21g mode towards lower frequencies and a greater separation between the
Ezlg and A;4 modes. Second, the influence of the Au substrate can result in shifts in the
peak positions for the E. 21g and A; 4 modes. Third, the unique electromagnetic enhancement
of the TERS measurements could result in shifts in the peak positions in comparison to the
conventional Raman case.

The bottom panel of Figure 3.8c shows the behavior of the second order Raman
peak positions of modes associated with the Van Hove singularity in the phonon DOS and
LA phonon scattering of excited electrons near the K and M points of the BZ from the
TERS measurements taken along the linecut in Fig. 3.8a. The peak positions are relatively
unchanged from monolayer to bilayer, however, there is a clear negative shift in the peak
positions of all three modes near the interface between the monolayer and bilayer regions.

The origin of these negative Raman shifts is currently being investigated.
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LOCALLY STRAINED MOS2 OVER AU NANOPYRAMIDS

(a) Deposited Nanospheres Dieletric nanurvramicls (b)
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Figure 3.10. (a) Schematic drawings of the fabrication work flow for creating the Au
nanopyramid arrays. (b) Schematic drawing of self-assembled hexagonal
nanosphere array.

By applying strain to MoS», we can observe changes in the Raman and PL spectra
that elucidate strain dependence in the band structure and phonon dispersion. Using
nanosphere lithography, we patterned an array of Au nanopyramids to induce strain on
MoS,. Figure 3.10a shows a fabrication work flow for the creation of Au nanopyramid
structures on a Si substrate. First, a clean petri dish was filled approximately three quarters
full with deionized (DI) water. A glass slide was then inserted into the petri dish so that
one end rest on the bottom surface of the dish and the other end is exposed to air resting on
the rim of the petri dish. A solution of equal parts 99.5% anhydrous ethanol and 1 um
polystyrene nanospheres (3% coefficient of variance, 2.6% solids-latex from Polysciences
Inc.) was made and micropipetted onto the glass slide in small increments. The solution is
then allowed to thin out and roll down the glass slide and enter the bulk DI water. A strong
surface tension gradient between the ethanol-nanosphere solution and the DI water causes
the nanospheres to self-assemble into ~1 cm? monolayers on the air-water interface. A

silicon substrate was then used to “scoop up” the monolayers of nanospheres onto the
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substrate surface. The wet monolayer was left to dry under a heat lamp. A schematic
drawing of the self-assembled hexagonal array of nanospheres is shown in Figure 3.10b.
The hexagonal array of nanospheres was then used as a mask for electron beam evaporation
of ~100 nm of Al,O3 to form the nanopyramid structure. The sample is then sonicated in
toluene for 10 seconds to dissolve the nanospheres and reveal the Al,O3 nanopyramids.
Finally, a 5/65 nm thick Cr/Au bilayer is deposited using electron beam deposition on the
substrate, creating Au nanopyramids. The same previously mentioned PDMS stamp
transfer process is then used to transfer CVD grown MoS; onto the finished patterned
substrate. Figure 3.11a shows an SEM micrograph of a patterned Au nanopyramid

substrate with MoS> successfully transferred.
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Figure 3.11. (a) SEM image of successfully transferred MoSz on a patterned Au
nanopyramid array. Areas covered by MoS; appear darker in the image. (b)
An AFM image and linecut of bilayer MoS: draped over a Au nanopyramid.
(c) AFM topography along the blue linecut in (b). Arrows indicate spatial
position where TERS and TEPL measurements were taken. (d-f) TEPL
spectra taken at points corresponding to the labeled arrows in (¢). The black
baseline PL spectrum is taken at the point indicated by the circled arrow.
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Figure 3.12. (a) AFM topography of the Au nanopyramid linecut indicated in Figure
3.11b with arrows indicating the positions where TEPL measurements are
taken. The circled arrow indicates where the baseline spectrum is taken. (b)
Evolution of the photoluminescence spectra along the taken at the points
indicated by the corresponding numbered arrows in (a). The baseline PL
spectrum (black curve) is taken at the point on the flat Au region indicated
by the circled arrow in (a). The PL spectrum at each point (red curve) has
the baseline spectrum subtracted.

Figure 3.11b shows an AFM image and linecut of bilayer MoS: that has been
successfully draped over a Au nanopyramid. The linecut goes from the end of one corner
of the pyramid to the apex of the pyramid, where tensile strain would be highest, to finally
a relaxed flat region. The topographic profile, shown in Figure 3.11c, yields a maximum
height of ~120 nm and width of ~400nm for the MoS: draped over the nanopyramid. To
estimate the maximum strain induced on the MoS; at the apex of the pyramid, we employ
two estimation methods: spherical pure bending”® and buckle delamination'®.

To estimate the maximum strain using the spherical pure bending method, where
the structure is modeled as a surface wrapped around a sphere, the following equation is

applied:

t

&~ RZ_E + €add » (1):
2

where ¢ is the thickness of the MoS: sample, R is the radius of curvature at the apex of the

nanopyramid and &€,44 is the residual strain, which is a fitting parameter. Taking the
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thickness to be 1.3 nm, the radius of curvature to be 40 nm and the residual strain to be 0,
we estimate a maximum strain of 1.65%.

Approximating the MoS; profile as a one-dimensional buckle delamination, we can

apply the following equation to estimate a maximum uniaxial strain:

e~ Tl @),
where 7 is the thickness of the MoS» sample, 4 is the height of the buckle, ¢ is Poisson’s
ratio for MoS; and / is the width of the buckle. Taking the thickness to be 1.3 nm, the
height to be 120 nm, Poisson’s ratio to be 0.29*, and the width to be 400 nm, we estimate
a maximum strain of 1.06%.

We performed TEPL and TERS measurements at the points indicated by the arrows
in Figure 3.11c. Figures 3.11d, 3.11e, and 3.11f show representative PL spectra taken at
the points corresponding to the arrows with matching colors, with the red PL spectrum of
Figure 3.11d taken at a point on flat Au, the blue PL spectrum of Figure 3.11e taken at a
point on the slope of the nanopyramid, and the green PL spectrum of Figure 3.11f taken at
a point near the apex of the nanopyramid. The baseline PL spectrum, taken on a flat region,
is taken at the point indicated by the circled arrow in Figure 3.11c. The entire evolution of
the PL spectra along the linecut is shown in Figure 3.12b. As shown in Figure 3.4c, tensile
strain causes a decrease in both the I'-Q and I'-K bandgaps in bilayer MoS», which is
analogous to the change in bandgap in locally strained monolayer MoS» that induces an
exciton funneling effect that also enhances and shifts to longer wavelength the PL.!* The
blue and green PL spectra in Figures 3.11e and 3.11f, respectively, reveal enhancement of
the PL spectrum from ~670 nm to ~690 nm in wavelength, with additional luminescence
shifted to longer wavelengths, which indicates a lowering of the bandgap energy in the

locally strained bilayer MoS,. There is also a significant enhancement of the Raman modes
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in the green spectrum from ~645 nm to ~660 nm, which indicates that the unique geometry
of the tip-sample junction at the apex of the nanopyramid contributes to the TERS
enhancement as well as the PL enhancement. The change in geometry especially affects
the gap mode that forms between the tip and the Au substrate when the tip is within a few

nm of the substrate.
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Figure 3.13. (a) PL spectrum of MoS2 taken at the same point on a Au nanopyramid
substrate in tapping mode (blue curve) and contact mode (red curve). (b)
Schematic drawing of the tip sample geometry when the Au tip is at the
apex of the Au nanopyramid and at the flat region.

Figure 3.13a shows the difference in PL signal intensity when the tip is in tapping
mode and in contact mode at the same point for MoS,. We see an overall increase in the
signal intensity when the tip is placed in contact mode compared to tapping mode below
~690 nm in wavelength with no increase in intensity above ~690 nm in wavelength. The
increase in signal intensity 1s expected due to the greater EM field enhancement created by
the change in tip-sample geometry that occurs when the tip goes from tapping mode to
contact mode. The wavelength dependence of the intensity increase of measurements taken
in contact mode versus tapping mode matches the wavelength dependence of the signal
intensity increase when comparing measurements taken at the apex of the nanopyramid

versus in the flat region, which indicates that the change in EM field enhancement due to
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a change in tip-sample geometry contributes to the increase in PL intensity at the

nanopyramid apex.
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Figure 3.14. (a) (Top panel) AFM topography of the linecut shown previously in Figure
3.11b. Raman peak positions of the first order (2"¢ panel) Ezlg and (bottom
panel) A, 4 vibrational modes along the nanopyramid linecut. The insets
show schematic drawings of the movement of the atoms for the
corresponding vibrational modes. (b) Raman peak positions (with error
bars) of the second order modes along the line cut (AFM topography shown
in the top panel) related to (2™ panel) longitudinal and transverse acoustic
phonon scattering of electrons near the K point in the BZ and (third panel)
only longitudinal acoustic phonon scattering of electrons near the K point.
(Bottom Panel) Raman peak areas (with error bars) of the second order
mode associated with LA phonon scattering of excited electrons near the K
point in the BZ (black squares) and the second order mode associated with
LA phonon scattering of excited electrons near the M point in the BZ (red
circles). (c) Phonon dispersion for the acoustic phonon modes calculated
using DFT simulations for unstrained (blue curve), +0.5% applied
hydrostatic strain (red curve), and +1.0% applied hydrostatic strain (orange
curve) bilayer MoS». The phonon modes represent the out-of-plane (ZA),
in-plane transverse (TA), and in-plane longitudinal (LA) acoustic vibrational
modes. The high symmetry points (I, Q, K, M) are indicated by the green
dashed lines.
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Figure 3.14a shows the behavior of the Raman peak positions associated with the
Ezlg and A;4 vibrational modes, respectively, from TERS measurements taken along the
same linecut of bilayer MoS, draped over the Au nanopyramid with corresponding
topography indicated in Figure 3.14c. Both the Raman peak positions of the Ezlg and Ay
vibrational modes show a negative shift as the tensile strain increases at the apex of the
nanopyramid. The negative shift is larger for the in-plane Ezlg mode when compared to the
out-of-plane A;; mode which agrees with both previous results'® and DFT simulations.
We do not observe significant splitting of the Ezlg mode due to strain which has been
observed to occur at uniaxial strains above 1.0%, which breaks symmetry.% The strain
induced by the Au nanopyramids is biaxial and does not contribute as significantly to
symmetry breaking of the E;, mode.

The effects of strain on the second order Raman modes of MoS> have not been
previously studied in detail. The second order Raman modes of MoS> related to DRR
processes are sensitive specifically to changes in the momentum and energy conservation
constraints that govern which transitions and states in the BZ participate in resonant
interactions and in turn make them a useful tool to observe how strain causes distortions in
the electronic band structure. Figure 3.14b illustrates the strain dependence of the second
order Raman modes from TERS measurements taken along the same linecut of bilayer
MoS: draped over the Au nanopyramid with corresponding topography indicated in the top
panel. As shown in the second panel of Figure 3.14b, there is a negative shift of the Raman
peak position of the second order DRR mode associated with resonant scattering of excited
electrons by both LA and TA phonons near the K point in the BZ (peak 3) as the TERS
measurement location moves from the relaxed flat region to the region of highest tensile

strain at the apex of the pyramid.
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Figure 3.14c shows the phonon dispersion for the acoustic phonon modes in bilayer
MoS; calculated using DFT. The full phonon dispersion is shown in Figure 3.7. With
positive applied hydrostatic strain, the calculated phonon dispersion indicates a negative
shift in frequency for both the LA and TA vibrational modes at the K point, which would
indicate a negative shift in the peak position both for peak 3 as well as for the peak position
associated with only LA phonon scattering of excited election near the K point (peak 6).
The third panel of Figure 3.14b shows the behavior of Raman peak positions for peak 6,
along the linecut of the nanopyramid. The position of peak 6 does not show significant
strain dependence; however, experimental uncertainty in determining peak position may
obscure strain dependence. From Figure 3.3a, peak 3 is isolated in frequency from the
remaining second order modes, which allows it to be fit more accurately and independently

from the remaining second order modes, such as peak 6.
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Figure 3.15. Raman peak positions (with error bars) of the second order modes along the
line cut (shown in Figure 3.11b, with AFM topography shown in Figure
3.11c¢) related to (a) a combination of the A, and E zzg vibrational modes,
(b) the van Hove singularity, and (¢, d) scattering of excited electrons by

two LA phonons near the K point and M point of the BZ, respectively.
Figure 3.15 shows the behavior of the peak positions of the remaining 2" order
Raman modes along the same linecut of bilayer MoS: draped over the Au nanopyramid
with corresponding topography indicated in Figure 3.11c within the broad 2" order Raman
band at 430 cm™ to 475 cm™'. The Raman peak positions appear to be strain independent,

however, because the Raman modes are in such close proximity to each other in regards to
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spectral position, small trends in peak position could be obscured due to experimental
uncertainty.

We also observe a change in the peak areas of the second order modes relative to
each other. The bottom panel of Figure 3.14b shows Raman peak areas of the second order
mode associated with LA phonon scattering of excited electrons near the K point in the BZ
(peak 6) and the second order mode associated with LA phonon scattering of excited
electrons near the M point in the BZ (peak 7). From the figure and the corresponding
topography, there is a clear increase in the area of peak 6 relative to that of peak 7 as tensile
strain increases near the apex of the nanopyramid. A decrease in the peak area of peak 6
relative to that of peak 7 has been previously observed in connection with the transition
from monolayer to multilayer MoS,, where the K point and Q point conduction band
minima become closer in energy as seen in Figure 3.4a and 3.4b.>* In the monolayer case,
when the K point conduction band minimum is lower in energy than the Q point conduction
band minimum, K to K’ transitions mediated by the q~-k acoustic phonons are much more
prominent than K to Q transitions mediated by q~m phonons, as seen from the phonon
density of states for allowed DRR processes in monolayer MoS», as shown in Reference
54. In bilayer MoS,, because the difference in energy decreases between the K and Q
points conduction band minima, many more transitions mediated by the q~m phonons will
satisfy the constraints on a DRR process, which in turn increases the peak area of peak 7
relative to that of peak 6. Figure 3.4c shows that with increased tensile strain, the
conduction band minimum at the K point has a greater decrease in energy than the
conduction band minimum at the Q point, which results in increased g~k phonon mediated
transitions relative to q-m phonon mediated transitions, The increase in g~k phonon

mediated transitions relative to q~m phonon mediated transitions is directly observed
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through an increase in the peak area of peak 6 relative to peak 7, which we see in the regions

with greater tensile strain near the apex of the nanopyramid.

CONCLUSIONS

In conclusion, we have probed monolayer and bilayer MoS» with TERS and TEPL
and achieved submicron spatial resolution. Furthermore, we have locally strained bilayer
MoS; using patterned Au nanopyramids and observe enhanced and shifted PL spectra in
the areas of localized tensile strain, which we attribute to both a reduction in the bandgap
as well as greater plasmonic enhancement from the gap mode. We have also, for the first
time, probed the strain dependence of the second order Raman spectrum in bilayer MoS»,
which shows variations that we attribute to changes in the electronic band structure and
phonon dispersion due to tensile strain. By performing DFT simulations, we show that
applying tensile strain affects the energy level of the conduction band minimum as well as
the acoustic phonon dispersion, which confirms that changes in the second order Raman
spectrum functions as a useful probe for band structure and phonon mode behavior. Thus,
resonant TERS characterization is shown to provide a powerful probe of strain,
luminescence, electronic band structure, and phonon dispersion at the nanoscale. The
information learned from these studies is likely to be important for a variety of TMD-based
devices including quantum emitters, and devices exploiting piezoelectric or flexoelectric

effects at the nanoscale.
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Chapter 4: Raman Behavior in Strained Monolayer and Three-Layer
WSe:

INTRODUCTION

WSe: is a versatile TMD that has been used as the channel material in high mobility

transistors>>°

, is a direct band gap semiconductor in the monolayer regime>’, and when
locally strained has demonstrated quantum emission at low temperatures.*®*’ Additionally,
monolayer lateral heterojunctions of different TMDs have been successfully achieved®”*,
where the lattice mismatch at the interface could be used to tailor the electronic structure
of the heterojunctions via strain engineering. Precise measurements of strain in WSe> and
other TMDs will be needed to fully understand electrical and optical properties of this
material system.

Raman spectroscopy has been used to probe layer thickness in WSe>”” and changes
in strain in other TMDs, such as MoS.,'®” through a systematic study of the behavior of
the prominent Raman peaks. The effects of strain on the phonon modes in WSe> has been
studied theoretically,'® but a systematic experimental Raman study of the effect of
mechanical strain on monolayer WSe: has not previously been reported.

We present Raman spectroscopy studies of monolayer and three-layer WSe; under
applied uniaxial strain. Samples are prepared by transferring mechanically exfoliating
WSe: onto polyethylene terephthalate (PET) sheets, which are then mechanically stretched
to apply tensile strain to the transferred WSe> flakes. Spatially resolved Raman
spectroscopy is performed on monolayer and three-layer WSe> as a function of applied
tensile strain. Via detailed mechanical analysis that has been applied for graphene-substrate
systems'®!, we prove that there is almost full transfer of strain from the PET substrate to
the WSez. As uniaxial strain is applied onto both monolayer and three-layer WSe; regions,
there is a splitting of the high intensity Raman peak associated with the frequency
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degenerate A’ and E” modes in monolayer (A1 and Ez,' in three-layer) WSe, arising from
a negative frequency shift of the in-plane E’ (E2,') mode. Tensile strain also causes a
negative frequency shift of the Raman band associated with second order longitudinal
acoustic phonon interactions (2LA) in both monolayer and three-layer WSe> as well as a
negative shift in frequency to the three-layer only peak. From the measured strain behavior
of the Raman peaks, we experimentally determine deformation potentials for the strain
induced Raman shifts for the various Raman modes for monolayer and three-layer WSe»,

and show that these agree well with theoretical behavior calculated using DFT.
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EXPERIMENTAL DETAILS

(a) WSe2

Y

(c)
- * 0.
PET \
—l
Armchair
(d)

—
Zigzag

Figure. 4.1 (a) Schematic diagram (not to scale) of the WSe> on PET strain experiment
with the red arrows indicating the direction of uniaxial strain applied to the
PET. (b) Optical image of exfoliated WSe; flakes on the stretched PET
substrate. The red arrows indicate the axis along which the uniaxial strain is
applied. The purple and blue lines indicate the region from which line scans
of the Raman spectra were obtained for monolayer and three-layer WSe»,
respectively. The dashed black lines indicate the zigzag direction for both
monolayer and three-layer WSe; flakes, which were determined using
second harmonic generation. (¢, d) Top view of monolayer WSe; and the
effect on the lattice structure of applying uniaxial tensile strain in the (¢)
armchair direction and (d) zigzag direction.
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Fig. 4.1a shows a schematic diagram of the experimental setup for applying
uniaxial strain to WSe>. The WSez employed in these experiments was first mechanically
exfoliated from commercial bulk crystal purchased from HQ Graphene. A polypropylene
carbonate (PPC) coated polydimethylsiloxane (PDMS) dot was used to pick up and deposit
the exfoliated WSe,'*? on a PET substrate. Uniaxial tensile strain was applied to the WSe;

flakes by stretching the underlying PET substrate. Using a custom sample stretcher, we
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first secure either end of the PET strip with screw-tightened clamps and then separate the
clamps using a rotating threaded shaft. The applied strain is calculated by measuring the
change in distance between the inner portion of the two clamps, which is equal to the

amount the PET was stretched.
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Figure 4.2. Photoluminescence measurement of few-layer WSe: flake with the
background PET signal subtracted.

Figure 4.1b shows an optical image of exfoliated WSe: flakes on the stretched PET
substrate with the direction of the uniaxial applied strain indicated in red. Layer
thicknesses of the WSe; flakes were determined using Raman and PL measurements, with
the monolayer regions easily identifiable due to the bright PL signal and the absence of a
Raman peak at ~310 cm™!. In Figure 4.2, we see the PL spectrum of the few-layer WSe;
flake shown in Figure 4.1b. The background PET PL signal has been removed and the
remaining PL spectrum shows a main peak centered at ~850 nm, which indicates a three-
layer thick WSe; flake based on previously reported Raman measurements.!®> Raman line

scans across the WSe; flakes were performed in the areas indicated by the purple and blue
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lines on Figure 4.1b for monolayer and three-layer WSe», respectively. Measurements on
WSe; flakes of odd numbered layers allows determination of the orientation of the flakes
through second harmonic generation with the orientation of the zigzag direction indicated
by the dashed black lines in Figure 4.1b in both monolayer and three-layer flakes.!® From
the orientation of the flakes relative to the stretching direction, we conclude that in both
the monolayer and three-layer flakes, the strain is applied along approximately the zigzag
direction. The orientations of strain applied along the armchair and zigzag directions are
shown schematically in Figures 4.1c and 4.1d, respectively.

All Raman spectroscopy and photoluminescence measurements were performed
with a Renishaw inVia confocal Raman system with a backscattering geometry at an
excitation wavelength of 532 nm. A 100 X top objective illuminates the sample normal
to the surface with a spot size of ~1 pm and an incident laser power of 375 uW, conditions

for which local heating was not found to affect the Raman measurements.

COMPUTATIONAL DETAILS

To further corroborate our experimental results, we performed first-principles plane
wave calculations within density functional theory (DFT) executed in the Plane-Wave Self-
Consistent Field (PWscf) package of Quantum Espresso®! using ultrasoft

pseudopotentials®?!10°

The exchange correlation potential was approximated by a
generalized gradient approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE)
functional.'®® Dispersion corrections using the DFT-D2 method®* were used during
structural optimizations to determine the interlayer spacing in bilayer WSe> structures. A
vacuum spacing exceeding 10 A was employed in the unit cells in order to separate adjacent

supercells. A kinetic energy cutoff of 120 Ry was used, and the Brillouin zone was sampled

using a Monkhorst-Pack grid®® of 25%25x1 and 15x15x3 k-points for monolayer and

91



bilayer calculations, respectively. Atomic positions and lattice constants were optimized
using damped molecular dynamics and the quick-min Verlet algorithm. The Hellmann-
Feynman force acting on each atom was limited to under 3x10” Ry per atomic unit in the
monolayer case, and 1x10 Ry in the bilayer case. The pressure in the unstrained unit cell
was limited to less than 0.1 kbar. Structural optimizations yielded a lattice parameter of a
=3.328 A, which is within 2% of the experimentally measured lattice parameter of 3.280
A7 The calculated interlayer W-W spacing for bilayer WSe; is 7.034 A. Strain was
applied to the lattice in the form of uniaxial strain along the zigzag direction, utilizing a
Poisson ratio of 0.34, which is that of the PET substrate to which the WSe: flakes are
adhered.!®® Within each strained unit cell, atomic positions were relaxed in all directions.
Phonon vibrational frequencies were calculated using DFPT as implemented in the PHonon

package of Quantum Espresso.
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STRAIN INDUCED RAMAN BEHAVIOR
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Figure 4.3. Representative Raman spectra for (a) monolayer and (b) three-layer WSe> with the
corresponding vibrational modes shown in the insets. The dashed box in (b) indicates the
peak seen only in three-layer WSe,. Raman spectra of unstrained monolayer (¢) and three-
layer (d) WSe». Both spectra are fitted to two Lorentzian peaks within the frequency range
230 to 280 cm’!: one peak in orange for the frequency degenerate A;’ and E’ modes in
monolayer and A, and Ez,! modes in three-layer WSe: and one peak in green for the
second order longitudinal acoustic phonon mode (2LA). Raman spectra of monolayer (e)
and three-layer (f) WSe; with 1.04% applied uniaxial strain. Both spectra are fitted to three
peaks due to splitting of the A;” and E” modes in monolayer and A1, and E,! modes in
three-layer WSe,. The sum of the fitted peaks is shown in red and shows good agreement
with the measured data represented by the black points.

93



Figures 4.3a and 4.3b show the Raman spectra for unstrained monolayer and three-
layer WSe, respectively. The highest intensity peak represents a superposition of the out-
of-plane A’ and in-plane E’ vibrational modes for monolayer (A1, and Ea,' vibrational
modes for few-layer) WSe», which are nearly frequency degenerate for unstrained material.
The weaker and broader peak at ~260 cm! is associated with a second order interaction
related to longitudinal acoustic phonon modes (2LA) near the M point in the Brillouin

zone.'??

Vibrational mode assignments were based on previous experimental work
corroborated by ab-initio calculations.!® For layer thicknesses greater than a monolayer,
there is an additional low intensity peak, located at ~310 cm™ and indicated by the dashed
box in Figure 4.3b. It has been equivalently referred to either as the A4> vibrational mode
in even layer number WSe> and the A;’? vibrational mode in odd layer number WSe,'** or
the out-of-phase Azu IR active vibrational mode when it becomes Raman active due to
Davydov splitting.''°

To analyze the behavior of the Raman modes as strain is applied, we fit the various
modes to Lorentzian peaks. For both monolayer and three-layer materials, we fit the
Raman modes from ~240 cm™ to ~280 cm™! in frequency with two Lorentzian peaks at
applied uniaxial strains below 0.58% for monolayer and 0.5% for multilayer because of the
frequency degeneracy of the in-plane and out-of-plane modes. Figures 4.3c and 4.3d show
the peak fitting for Raman spectra from unstrained monolayer and three-layer WSe,
respectively. We fit an additional Lorentzian to the multilayer only peak for the spectra
obtained from the three-layer flake. Fitting of the Raman spectra from the unstrained
monolayer flake yields peak positions of 252 cm™! for the frequency degenerate A1’ and E’
peak and 264 cm! for the 2LA peak in monolayer WSe».”® Fitting of the Raman spectra
from the three-layer flake yields peak positions of 253 cm’! for the frequency degenerate

Aig and B! peak, 261 cm™! for the 2LA peak, and 305 cm™! for the multilayer-only peak in
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three-layer WSe>.” Figures 4.3e and 4.3f clearly show the splitting of the in-plane E’ mode
and the out-of-plane A;’ mode in monolayer WSe, and the splitting of the in-plane Ex,'
mode and the out-of-plane Az mode in three-layer WSe, which both result from the
negative shift of the in-plane mode that becomes apparent when greater uniaxial tensile
strain is applied. Once the splitting between the in-plane and out-of-plane modes becomes
apparent, we fit the Raman spectra from ~240 cm™ to ~280 cm™ to three peaks

corresponding to the in-plane mode, the out-of-plane mode, and the 2L A mode.

€applied

Interface

Substrate

Figure 4.4. lllustration of the mechanical interaction between the WSe; flake and
substrate assumed for linear shear lag theory.
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Figure 4.5. (a) The percentage of strain transferred to the center of WSe; in relation to

BL. The blue dashed line indicates the approximate SL value for the
monolayer and three-layer flakes used in the these experiments. (b)
Transferred strain profile across a flake for SL values of 1, 8, and 10 shown
with the black, red, and blue curves, respectively
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Figure 4.6. (a) (Top panel) Calculated strain distribution across a monolayer flake
approximately 10 pm in length along the applied strain axis. (Bottom panel)
Raman peak positions (with error bars) across a monolayer flake with 1.04%
applied uniaxial strain. Raman peak positions (with error bars) for the 2LA,
out-of-plane (A1’ for monolayer and A1, for three-layer), and in-plane (E’
for monolayer and E»' for three-layer) Raman modes with increasing
uniaxial tensile strain for (b) monolayer and (c) three-layer WSe». At strains
below 0.5%, the in-plane and out-of-plane modes are approximately
frequency degenerate and are fitted to a single Lorentzian with peak
positions indicated by the blue triangles. At strains above 0.5%, peak
splitting becomes clearly observable and the in-plane and out-of-plane
modes are fit to two peaks. (d) Raman peak positions (with error bars) of
the multilayer-only Raman mode from the three-layer flake with increasing
uniaxial tensile strain. The orange dashed lines indicate the fitted lines used
to obtain the strain induced Raman shifts for the in-plane and the multilayer-
only Raman modes.
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We have performed analyses of the strain transfer from PET to WSe: based on
linear shear lag theory for flakes of approximately 10 pm in length along the applied strain
axis, which is the approximate size of both the monolayer and three-layer flakes. Linear
shear lag theory estimates the percentage of strain transferred to the center of a small flake
when applying strain to the substrate to which the flake is attached. The transferred strain
is a function of the position on the sample following the equation!'®':

€(x) = eappiiea (1 = o) (M
where €(x) is the strain distribution in WSe:, €applied is the applied strain on the substrate,

L is the length of the WSe; flake, and f is the interface parameter. f = / EL, where k is
2D

the effective interface spring constant and E>p is the 2D stiffness of WSez. We take E2p to
be 115 N/m for WSe>!!'! and & to be 132 TPa/m, the value measured for graphene on
polymeric substrate including PET .1°! It would give us an estimated § ~ 1 um™'. Figure
4.5a shows the percentage of strain transferred as a function of SL. WSe flakes of lengths
10 um (monolayer) and 8 um (three layer) along the strain axis would suggest strain
transfer of approximately 98% and 96%, respectively. Figure 4.5b plots the transferred
strain profile for SL values of 1, 8, and 10 calculated from similar analyses for graphene!%
and using the same E2p and k values as was used for the shear lag theory calculation. For
large SL, the strain distribution can show a plateau towards the center of the flake.

To ensure that we have achieved near complete strain transfer from the uniaxially
strained PET sheet to the WSe; flakes, we have taken Raman measurements across the
length of the flake along the applied strain axis to observe the variation in Raman peak
position based on position. The bottom panel of Figure 4.6a shows the peak positions of
the Ay’, E’, and 2LA modes for monolayer MoS> with ~1.04% uniaxial strain applied to

the PET substrate, with similar results obtained for three-layer WSe;. The top panel of
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Figure 4.6a shows the calculated ratio of strain transferred to the sample over strain applied
to the PET substrate on a sample of WSe: of 10 um in length along the applied strain axis.
According to a simple linear shear lag theory, the strain transfer efficiency depends on the

length of the sample and interface stiffness.!!>!!3

By adopting the interface stiffness
measured from the graphene-PET interface, monolayer and three-layer WSe: flakes of
lengths 10 um and 8 pm along the strain axis, respectively, would have a strain transfer of
approximately 98% and 96%, respectively. In addition, the analysis predicts a plateau-like
strain distribution along the center of the flake for our monolayer sample, which agrees
with the constant Raman peak positions across the center of the flake. In fact, a higher
interface stiffness can be expected for the WSe>-PET interface due to the relative softness
of WSe> compared with graphene. This implied that the above-mentioned strain transfer
ratio (98% and 96%) might be underestimated, calling for further detailed characterization
on the mechanics of WSe>-PET interface. We thus suggest that we have achieved close to
complete strain transfer from the PET substrate to the WSe2.!°! Additionally, we anticipate
some nonuniformity in the transfer of strain to the top two layers of the three-layer
WSe: flake due to the van der Waals interaction between the layers. A limited degree of
nonuniformity would be consistent with the broader width of the E»,' peak in the three-
layer WSe> relative to the width of the E’ peak in the monolayer WSe>. While the degree
of nonuniformity in strain transfer to the top two layers of the three-layer flake is difficult
to estimate quantitatively, and we therefore do not attempt to do so, our measurements may
somewhat underestimate the effect of strain on the Raman behavior for the three-layer
flake.

Figures 4.6b and 4.6¢ show the dependence of the peak positions of the Raman
modes on uniaxial tensile strain for monolayer and three-layer WSe», respectively. Table

4.1 shows a summary of the experimentally determined strain induced Raman shifts. In
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the monolayer case, the 2LA peak show a negative shift with increasing tensile strain, with
a linear fit yielding a strain induced Raman shift of -1.4 = 0.3 cm™ per % strain. Due to
the frequency degeneracy of the A;” and E’ modes in WSe,, the linear negative shift of the
in-plane E’ mode is not clearly visible for strains less than 0.58%, at which point splitting
of the two modes becomes clearly observable. We therefore perform a linear fit for the
data points of 0.58% strain and higher, indicated by the orange dashed line, which yields a
strain induced Raman shift for the E’ mode of -2.5 £+ 0.5 cm™! per % strain. The out-of-
plane A1’ mode shows minimal response to strain and the peak position remains constant.
We performed the same analysis of the Raman modes for three-layer WSe», obtaining a
strain induced Raman shift of -0.80 + 0.2 cm™ per % strain for the 2LA mode and -2.1 £
0.8 cm™ per % strain for the in-plane Ez,' mode for strains of 0.5% and above when
splitting is easily observable in the Raman spectra. We also see a minimal response to
strain for the out-of-plane Az mode in three-layer WSe;. Fig 4.6d shows the behavior of
the multilayer only peak from the three-layer flake, which also follows a negative linear
trend as more tensile strain is applied and yields a strain induced Raman shift of -1.2 £ 0.2
cm! per % strain. Because the multilayer only peak is isolated in frequency and shows
linear strain dependence in the Raman peak position, it is particularly useful for

straightforward strain detection in multilayer W Se:.
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Table 4.1. Experimentally determined and DFT calculated strain induced Raman shifts
for monolayer and three-layer WSe:.

Ar’, Aig E’, E2g' (em 2LA(M) Multilayer-
(em'/%) 1/%) (cm'/%) | Only (cm™/%)
Monolayer (Exp.) 0 -2.5+0.5 -14+£0.3 N/A
Three-layer (Exp.) 0 -2.1+0.8 -0.80 £0.2 -1.2+0.2
Monolayer (DFT) ~0 -1.8+0.1(-) | -0.94+0.1 N/A
~0 (+)
Bilayer (DFT) ~0 -1.9+£0.01 (-) N/A -1.1 £0.002
~0(+) (out-of-phase
A2u)
(a) (b) (c)
—_ T . 239 —_ —
—IE = Af ‘TE -IE * 2LA(M) |
-E- 242 ~:. % 2491
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Figure 4.7. Strain dependence of the (a) A1’, (b) E’+, E’—, and (¢) second order
longitudinal acoustic vibrational modes in monolayer WSe> calculated using
density functional perturbation theory. Calculations were performed for
uniaxial strain in the zigzag direction. The red lines show the linear fit for
each set of points.
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Figure 4.8. Strain dependence of the (a) Aig, (b) Ex¢'+, E2¢'—, and (c) out-of-phase Az
vibrational modes in bilayer WSe> calculated using density functional
perturbation theory. Calculations were performed for uniaxial strain in the
zigzag direction. The red lines show the linear fit for each set of points.
The inset in (c) shows the movement of the atoms for the out-of-phase Az
mode.

We have used DFT to calculate the Raman behavior of the various vibrational
modes in monolayer and bilayer WSe> to further confirm our experimental results.
Because DFT calculations for three-layer WSe» are too computationally intensive, we have
instead performed DFT calculations on bilayer WSe> to estimate the effects of interlayer
interactions on the Raman behavior of the vibrational modes for few-layer WSe». Figures
4.7 and 4.8 show the strain dependence for the various vibrational modes in monolayer and
bilayer WSe;, respectively, calculated using DFPT. For each optimized structure at each
strain, zone-center phonon modes were calculated for the first order modes. For the
behavior of the second order longitudinal acoustic phonons, the vibrational frequency is
calculated at the M point in the Brillouin zone. The Raman modes for both monolayer and
bilayer WSe> follow similar behavior to experimental results. The slopes of the linear fits
for the Raman modes are used as the strain induced Raman shifts calculated by DFT. The
linear fits for strain dependence for the A1’ (A1) and E’+ (Exg'+) vibrational modes in
monolayer (bilayer) are not as accurate because of the anti-crossing behavior seen between

these two modes. The 2LA(M) mode in bilayer WSe> calculated using DFPT has not been
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conclusively identified, and it remains unclear which eigenmode at the M point
corresponds to the LA mode. Because the eigenmode at the M point exhibit different
dependences on strain and we are not completely confident in the exact nature of the DFPT
calculated 2LA(M) mode in bilayer WSe>, we choose to not report a strain-induced Raman
shift for the 2LA(M) mode in bilayer WSe>. The out-of-phase Ay vibrational mode that
is Raman active due to Davydov splitting*® has been referred to as the A1 mode in other

work!% but represent the same vibrational mode.
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Figure. 4.9. Anti-crossing behavior for the strain dependent Raman shifts for (a) the Az’
(black squares) and E’+ (red circles) vibrational modes in monolayer WSe;
and (b) the Aq (black squares) and Ex¢*+ (red circles) vibrational modes in
bilayer WSe; calculated using density functional perturbation theory.

Table 4.1 shows the strain induced Raman shifts for the various vibrational modes
in monolayer and bilayer WSe: calculated using DFT. In general, the DFT calculated strain
induced Raman shifts are similar to the experimental strain induced Raman shifts, with the

DFT results generally underestimating the effect of strain on the Raman peak positions in

comparison to experimental results. In both monolayer and three-layer WSe2, we should
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observe a splitting of the in-plane E” and E2,' modes, respectively, from symmetry breaking
due to the applied uniaxial strain, as shown by DFT calculations (which we differentiate
with the + and — symbols). However, the peak that is less strain sensitive and remains
frequency degenerate with the out-of-plane A’ and Az modes is difficult to measure
separately. The experimentally determined strain induced Raman shifts for the E’+ and
Ay> modes in monolayer WSe; and for the Ex,'+ and A, modes in three-layer WSe: are
assumed to be negligible. Based on experimental results and DFT calculations, the
unstrained out-of-plane A;’ and in-plane E’ vibrational modes in monolayer (Aig and Epq!
vibrational modes in multilayer) WSe; are close in energy. When uniaxial strain is applied
in-plane in the zigzag direction, the symmetry of the A;’ and E’ vibrational modes in
monolayer (Aig and Ex¢* vibrational modes in multilayer) WSe; is reduced with the only
symmetries remaining being the identity, a C2 axis, and two vertical mirror planes. The
symmetry reduction results in the unit cell symmetry going from the Dan (Desn in multilayer)
to the C,y point group and both modes belonging to the same irreducible representation
(A1) where coupling between the vibrational modes can occur. Coupling of the A:” and
E’+ vibrational modes leads to anti-crossing behavior of the Raman peak positions as
uniaxial strain is applied as shown in Figure 4.9. Therefore, the modes do not show obvious
linear behavior when strain is applied in the DFT simulations so we choose to report the
strain-induced Raman shifts for both modes as relatively negligible, which agrees with
experimentally determined results. The DFT calculated strain induced Raman shift of the
out-of-phase Ay vibrational mode matches closely the experimentally determined strain
induced Raman shift of the multilayer-only peak, which gives further evidence that this

peak comes from the A2y mode becoming Raman active due to Davydov splitting.
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From the strain induced Raman shifts, we also derive the value of the Griineisen

parameter for a given mode, y,,, and shear deformation potential, £3,,,, for the E’ mode in

monolayer WSe» and the Ex,! in three-layer WSe, using the following equations!%®:

Awm+ + AWy —

Ym = . (4.2)

_ Aomt —Awpm—

Bm =— e (4.3)

wm(1+v)e

20m(1-v)e

where w,, is the frequency of the given mode when unstrained, 4w, is the change in
frequency per unit strain, and v is Poisson’s ratio, which is that of the PET substrate the
WSe; flakes are adhering to with a value of 0.34.1% Under uniaxial strain, strain along the
longitudinal direction, which is parallel to the strain axis, is taken to be ¢, and strain along
the transverse direction is taken to be -ve. Table 4.2 shows the Griineisen parameter and
shear deformation potential values for the E” and E»,' modes of monolayer and three-layer
WSe», respectively, calculated from experimental strain-induce Raman shift values and
deformation potential values for the E’ and Ez,' modes of monolayer and bilayer WSe,,
respectively, calculated from strain-induced Raman shift values obtained from DFT
simulations. We take 4w- to be the measured Raman shift due to strain while we assume
Awnt 1s negligible for deformation potentials calculated from experimentally obtained
values. We take the 4dwn- and Awn+ values obtained from DFT simulations for the
deformation potentials calculated from DFT values. Using experimentally determined
strain induced Raman shifts for the E* mode in monolayer WSe», yg, is 0.75 £ 0.2 and S,
is 0.75 + 0.2, while for the Ez,' mode in three-layer WSe,, Ve, is 0.63 £ 0.2 and ,B’E21g is
0.62 £ 0.2, calculated from experimental values. Using DFT calculated strain induced
Raman shifts, for the E” mode in monolayer WSe», yg, is 0.48 £ 0.1 and S, is 0.65 £ 0.1,
while for the Ez,' mode in bilayer WSe, Ve, is 0.54 £ 0.0 and 35219 is 0.65 £ 0.0. The

Griineisen parameters and shear deformation potentials determined from experimental and
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DFT values are in reasonably good agreement. The Griineisen parameter and shear
deformation potentials are comparable to previously reported results in monolayer MoSo,

with values of 1.1 and 0.78, respectively.’

Table 4.2. Experimentally determined and DFT calculated Griineisen parameters and
shear deformation potentials for monolayer and three-layer WSe>

Griineisen parameter Shear Deformation
Potential
Monolayer, E’ mode 0.75+0.2 0.74+0.2
(Exp.)
Three-layer, E2¢! mode 0.63+0.2 0.62+0.2
(Exp.)
Monolayer, E’ mode 0.48+0.1 0.65+0.1
(DFT)
Bilayer, E2¢' mode (DFT) 0.54 +£0.04 0.65 +£0.03
CONCLUSIONS

In conclusion, we have performed detailed Raman spectroscopy studies of
uniaxially strained monolayer and three-layer WSe> and determined the strain induced
Raman shifts of the first order in-plane vibrational modes (E’ and E»!, respectively) as
well as the second order longitudinal acoustic phonon mode (2LA). In three-layer WSe»,
we also clearly show the linear strain dependence of the frequency isolated multilayer only
mode. From the strain-induced Raman shift, we are able to experimentally determine the
Griineisen parameter and shear deformation potential for the in-plane vibrational mode for
both monolayer and three-layer WSe>. Successful strain transfer from the PET substrate
to the WSe; flake is confirmed through measurement of Raman peak positions across the
WSe, flake while strained. Measured strain induced Raman shifts were found to agree well

with values obtained from DFT simulations. These measurements of the phonon
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deformation potentials and behavior of the Raman spectra in general are expected to be
essential for characterizing and understanding properties of strained heterostructures and

devices that incorporate WSex.
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Chapter 5: Conclusions and Future Work

The work presented in this dissertation shows the capabilities of Raman and TERS
to characterize material properties at the nanoscale, specifically strain. Experiments were
performed on various material systems including core-shell nanowires, atomically thin
MoS,, and atomically thin WSe;.

Chapter 2 focuses on experiments performed on Ge-SixGei.x core-shell nanowires
where we detect two distinct Raman peaks in the Ge core which we attribute to what we
call the core and interface regions. We analyze the local strain configuration in the
nanowires, where the Raman behavior of both the core and interface region Raman peaks
follow parallel diameter dependence, which indicates that both peaks come from different
regions of the Ge core. By placing the Au TERS tip close to the surface of the nanowire,
we directly influence the separation between the core and interface peaks that indicates
localized probing of the interface region. We performed electromagnetic simulations of
the tip and nanowire interaction to better understand the unique physics that occur. By
performing Fourier analysis on the simulated electric field, we show that the proximity of
the Au TERS tip increased the higher-order Fourier amplitudes in the vicinity of the Au
tip. The higher Fourier amplitudes result in increased coupling of intervalence-band
transition of phonons, which causes the increased negative shift of the interface peak
relative to the core peak.

Further confirmation about the origin of the interface peak shift could be performed
by successfully electrically contacting the Ge-SixGeix core-shell nanowires and attempting
to deplete the holes in the 2D hole gas and observing the effect on the Raman spectrum.
Further work on core-shell nanowires could also involve performing TERS experiments

on similar nanowire structures. Specifically, in thinner 1D structures, the possibility of
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taking advantage of the plasmonic gap mode that occurs between a Au substrate and a Au
TERS tip could produce significantly enhanced Raman signal that would possibly give
significantly more information about the structure.

Chapter 3 summarizes the work on probing monolayer and bilayer MoS, with
submicron spatial resolution using TERS and TEPL. In these experiments, we have locally
strained bilayer MoS> using Au nanopyramids patterned with nanosphere lithography. We
observe shifted and enhanced PL spectra in the locally tensile strained MoS,, which we
attribute to a decrease in the bandgap energy as well as greater plasmonic enhancement
from the gap mode from by the TERS tip and the underlying Au substrate. We also probed
the strain dependence of the second order Raman spectrum in bilayer MoS,, which shows
shifts in the Raman peak positions and relative changes in the Raman peaks areas that we
attribute to changes in the electronic band structure and phonon dispersion due to tensile
strain. DFT calculations show that applying tensile strain affects the energy level of the
conduction band minimum as well as the acoustic phonon dispersion, which confirms that
changes in the second order Raman spectrum obtained by TERS acts as a useful probe for

band structure and phonon mode behavior.

MoS,
Au

~ /4

Figure 5.1 Schematic diagram of MoS; that has been transferred onto Au coated cleaved
sapphire showing a parallel step edge.
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One possible future direction for further research into mechanical properties of 2D
materials is to create localized strain with different types of nanostructures. One possible
platform is to use cleaved sapphire. Cleaved sapphire can create clean parallel step edges
where after a 2D material is transferred and adheres to the surface, can create localized
strain regions. We have already transferred MoS: and CVD grown monolayer graphene
sheets onto Au coated cleaved sapphire. Figure 5.1 shows a schematic diagram of MoS;
that has been transferred onto Au coated cleaved sapphire showing a parallel step edge.
Other novel structures could also be used to create various other strain configurations in
2D materials. Novel strain structures could not only be measured with TERS but also PL,
where high levels of strain could cause significant shifts in the PL spectra.

Chapter 4 details Raman studies on uniaxially strained monolayer and three-layer
WSe», where we determine the strain induced Raman shift of the first order in-plane
vibrational mode as well as the second order longitudinal acoustic phonon mode. From
the strain induced Raman shift, we are able to experimentally determine the Griineisen
parameter and shear deformation potential for the in-plane vibrational mode for both
monolayer and three-layer WSe>. Successful strain transfer from the PET substrate to the
WSe: flake is confirmed through measuring constant Raman peak positions across the
WSe; flake while strained. Strain induced Raman shifts were found to also agree with
simulated results obtained from DFT simulations. Precise measurement of the phonon
deformation potentials and behavior of the Raman spectra in general is essential for
understanding mechanical properties of heterostructures and devices that incorporate
WSeo.

The strain induced Raman shifts of WSe> deduced by our stretching experiments
allows further probing of strained WSe> structures. This information can be used in

analyzing different WSe; based heterostructures where understanding the amount of strain
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induced in the WSe, is essential to engineering devices. Knowledge about strain
distributions could also be correlated to various other material properties such as

conductivity.
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Appendix A: TERS Operation Procedure

This Appendix should serve as a partial guide to aligning and operating both the

Horiba LabRAM and AIST-NT Omegascope for conventional Raman, AFM and TERS

experiments. Basic operating information can be found in the manuals for both systems.

This guide mostly serves to fill in the gaps not written in the manuals and to offer additional

insight learned from operating the system for purposes relevant to the Nanoscale

Characterization and Device Lab.

LABRAM RAMAN CALIBRATION ALIGNMENT

1.

Align laser on the conventional Raman side on the Si alignment side at D3 power
in video mode. Remember, the power setting adjusts which neutral density filter
(NDF) is used in the NDF wheel. Generally, we also put an additional NDF in
series along the beam line, either D0.3 (50% power) or D0.6 (25% power). Align
by centering the laser to the green spot and make sure focusing is also centered.
Generally, align using the 50 X and 100 X objectives.

To calibrate the Raman, go to Maintenance — Calibration then use the 520.7 cm’!
Si peak and zero-order peak to adjust the Koeff and Zero variables so both peaks
are properly positioned. The Zero variable shifts the zero-order peak position while
the Koeff determines the scaling in frequency for data points away from the zero
point.

To acquire the signal, make sure the spot is focused visually at using either the 50
X or 100 X objectives. Switch from video to Raman mode and go to D0.6 laser
power. Use real time acquisition to continuously acquire Raman spectra to locate

the Si peak and the zero-order peak and use the cursor to read the frequency
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5.

position. Generally, iterate between aligning to the zero-order peak and Si peak by
centering your grating at the corresponding frequency for each.

Use the same calibration procedure for both the 300 and 1800 grooves/mm gratings.
Peak position calibration should be performed at least once a week.

If baseline noise level becomes too low, go to Acquistion — Detector then change

the Shift value to adjust the Baseline.

REGULAR ALIGNMENT FOR TERS

Follow the following steps for regular TERS alignment:

l.
2.

Perform LabRAM conventional Raman alignment.

Use swing mirror to direct laser to AFM.

. Put in probe holder with tip.

If signal intensity appears stable, steps 4 and 5 do not need to be implemented
during every alignment but should be checked when signal intensity seems to
decrease. Generally, do step 4 at least once a month and step 5 once every couple
of months.

Set laser power to D2 in video mode. Remove AFM housing and check center of
the laser through the side objective using lens paper. Adjust centering with the
adjustment screws for the mirror that direct the laser from the Raman system. The
laser should be centered in the side objective and fill it relatively fully. When
placing AFM housing back in, especially with the 100 X objective screwed in, be
very careful of not hitting the objective with the tooth that secures the housing. The
objective is very expensive!!

Set laser power back to D3 in video mode. If spot is very faint, go to D2 power.

Locate position of laser from top objective on a metal sample slide at sample height.
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To establish sample height, (1) land probe, (2) retract probe, (3) remove probe
holder from housing, and (4) raise sample 2mm. Locate laser and mark it with the
cross on the video toolbar.

7. Place in silicon reference sample.

8. Place backlight source in correct position and turn on using the AIST-NT software
in the video window. Increase light output till the tip is fully illuminated.

9. If unable to locate tip visually, land tip on sample. Retract and move 0.5 mm from
sample.

10. Find substrate Raman signal then position tip at x marked on video.

Figure A.1. Visual image of top objective with tip at X marked spot

11. Maximize signal of substrate by adjusting fine z-position screw.
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Figure A.2. Position of the Au tip relative to Si band in a XY objective map scan. The

12.

13.

14.

Au tip is shown in blue and the Si band is shown in red.

Perform a XY objective map scan of size 12 by 6 um (24 by 12 points (pts)). Map
should look like Figure A.2 with the center region outlined in red being the substrate
signal. This is best done on a Si substrate.

Find tip by looking at Peak area of the background signal. Eventually you want to
position tip so that it shades the top area above the substrate signal stripe like that
showed in Figure A.2 with the blue triangle.

After performing the large area XY objective scan, perform an XZ objective scan,
3 by 6 um (10 by 18 pts). Center laser position so that the shade (determined by
the background peak area caused by the Au tip response) creates and\ hourglass

shape with the focal point in the center (shown with the red dot in Fig. A.3).
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Figure A.3. XZ objective scan with the bright spot centered in the hourglass shape.

15. Perform a smaller XY objective scan, 3x6 um (10x18 pts)

16. Land Tip. Now obtain the same Si signal plus hourglass shape from the
background. Should observe shade of Si signal from the tip.

17. Final alignment based on TERS signal from the sample. If possible, use a reliable
reference sample (such as a carbon nanotube sample on Au) to establish final

alignment then go to sample of interest.

12 nm

0 nm
Figure A.4. AFM topographic image of the surface of the nanotube and graphene on Au

reference sample. Two example nanotubes that could be used to confirm
enhancement are indicated by the white oval.
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18.

19.

When using the carbon nanotube on Au reference sample, find a nanotube that is
approximately 5 nm in height and place tip on the nanotube. Figure A.4 shows an
example AFM topographic scan of the carbon nanotube reference sample with
example nanotubes highlighted by the white oval.

Start obtaining real time Raman spectra (1 second per acquisition) and specifically
look at the range from 400 to 1600 cm™'. Use spec-top mode and go into contact.
If enhancing, there should be two main peaks that become easily apparent around

1200 to 1600 cm™'.

GENERAL TIPS

1.

When performing optical alignment by adjusting screws on mirrors, the general
rule of thumb is that the mirror closer to the laser source has more control of the
centering of the focusing while the farther mirror has more control of the position
of the laser spot. The mirrors are often coupled together so adjusting one mirror

often affects both the centering of the focusing and the laser spot position.
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Figure A.5. Position of tip in holder with the triangular top of the holder (shown in
black) aligned to the trapezoid below the cantilever.

2. When placing probe into holder, from the top view when the tip holder is in system,

the tip should look like the image in Figure A.5. The blue outlined area is the probe

itself while the black triangle represents the part of the holder you want to overlap.

3. When putting in probe holder with tip into the AFM housing, be careful. It is

generally better to have the probe holder hit the top of the entrance than the bottom.

4. Make sure the tip holder is securely in place by making sure when you move the

tip holder gently with your finger, it springs back into the same position.

5. Close laser shutter when not measuring to minimize damage on the tip due to higher

temperatures.

6. When using adaptive scan, set the Z error value to:
(Free amplitude when landing)—(Set point)

2 3

where the free amplitude is determined from the maximum value of the deflection

graph obtained when landing the tip.
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7. The contact gain should be in the 80 to 120 range when placing tip in soft contact
for TERS.

8. Shutdown feedback before moving tip (this is done automatically with new tip
command).

9. Use Auto to land tip after finding tip and visually align laser with tip.

10. Use D3 power when aligning laser to tip.

11. When performing TERS use D1 power with either the 25% or 50% NDF in series

with computer controlled ND filter wheel in the beam line.

Figure A.6. Optical reflection of laser aligned to tip.

12. For visually aligning the laser and tip, obtain a nice sharp scattering spot, as

shown in the example in Figure A.6.
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13. Use nitrogen gun to blow out the detector once every few weeks. Eventually the
detector will degrade and possibly need replacement. Cleanout dust in fans and

other parts of the Raman and AFM system in general.

INTENSIVE ALIGNMENT

If system is dramatically out of alignment, follow the following steps:

1. Remove both top and side objectives.

2. First check if the beam is parallel to the surface when coming from the
spectrometer. Use optical posts or ruler to determine this then use align mirror
directing laser from the spectrometer.

3. Before removing AFM head, establish sample height with metal slide as sample.
(1) Land probe, (2) retract probe 2mm (new tip button), (3) remove probe, and (4)
return sample 2mm back to original height.

4. Remove the AFM housing to remove the AFM head. (1) Open front panel to unclip
cables, (2) unscrew the four screws securing the AFM head (be careful), and (3)
remove head with cables and set aside.

5. Align laser to center of hole leading to mirrors. Do this by loosening screws for
the alignment posts then using hex wrench to lower and raise posts as well as
reposition the system as a whole.

6. Direct laser to top objective mirror and with AFM housing removed, align to center
metal ball housing sits on.

7. Place housing back in with the same sample at same height when probe was landed.
With Sharpie, mark on the metal slide where the laser is hitting.

8. Switch to side illumination with the swing mirror.
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10.

11.

12.

13.

14.

15.
16.

Align to same spot marked with the sharpie with alignment posts and positioning
of the system. Iterate between aligning the top view and side view to the same spot
till both are aligned.

Center laser through the side objective hole both at entrance and exit. AIST-NT
has a tool but same possible with alignment disks.

Remove AFM housing, screw objectives back into place. When placing AFM
housing back in, especially with the 100x objective in, be very careful of not hitting
the objective with the tooth that secures the housing.

With camera at 20x magnification, align top objective focus on camera till its
symmetric by adjusting position of whole system and alignment posts by using the
Video option in the AIST-NT software. You may need to remove the housing to
adjust the post below the housing. Again, be careful removing and placing the
housing back in to not damage the objective.

Remove AFM housing to reattach the AFM head. Secure head with all four screws
tight but not with too much force.

Open front panel and reclip in cable so it is secure, can move, and will not be
damaged when the front panel is placed back on.

Lower sample 2 mm and put probe back in position.

If loud sounds occur after putting side objective back in, adjust Parameter tables for

Scan?2 to the following: x = 16.5, y = 16.5, and z = 33.
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AFM, RAMAN, AND TERS PROCEDURE

1.

10.

Depending on laser wavelength used, check if correct filters are in place and the
mirror switch is in the correct position. Check which additional ND filters are
placed along the beam path.

Turn on and open shutters on the Laser control box. Turn on green laser if using
green laser.

Turn on AFM control box.

Open latest version of the AIST software. Open Horiba LabSpec software.

Make sure the excitation wavelength used in measurements matches that in the
Horiba software.

Make sure the internal optics are configured for the wavelength desired, such as the
correct mirrors and notch filters are in place.

Open camera view (make sure beam splitter is set to video instead of Raman
setting) to center laser. Make sure laser power is at D0.3 or below.

Center beam and focusing of laser spot by adjusting mirrors either at the cut out
circular hole at the back of Raman for the red laser or in the optics housing for the
green laser.

If performing conventional Raman, make sure the final swing mirror directs the
laser to the microscope stage and proceed with conventional Raman. To see surface
of the sample, turn on light source next to the Raman. Remember, what you see in
the top objective will not be exactly where your tip will land due to the top objective
not being completely normal to the sample surface.

For conventional Raman measurements, when taking data make sure you limit
ambient light, switch to Raman mode, and are using the 100x objective. Laser

power used is sample dependent but usually start with DO0.6.
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11.

12.

13.

14.

15.

16.

17.

18.
19.
20.

21

If performing TERS, use the mirror switch to direct the laser to the AFM. Make
sure to turn on the AFM server in the Horiba software.

Use the Regular Alignment Procedure to align tip to laser. Follow General Tips for
tip alignment.

After alignment is complete, lower reference sample by pressing new tip twice
(lowers 4 mm in total) then remove reference sample.

Place in sample of interest and locate manually with sample placement tweezers
general area of interest. Be careful not to damage the tip when moving the
sample around. Once general area is found, approach surface.

Turn on adaptive scanning and set Z-error to value stated in General Tips. The
adaptive scanning toggle can be found by clicking the settings wheel icon.

When scanning with tapping mode AFM, be conservative with scan speed to
maintain tip integrity. Recommended scan rate of 1.0 for a 10x10 um area. When
performing scans of larger areas, scale the scan rate appropriately.

After finishing measurements, use z-motor — new tip twice to lift tip 4 mm above
sample then remove sample. Re-center the sample stage using the moto xyz
controller in the x and y, if x and y movement was used.

Remove tip holder carefully and place tip back into box.

Close both the Raman and AFM software.

Turn off the AFM control box.

. Turn off laser power and shutter.
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1.

12.

13.

14.
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